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The karst aquifer in Yucatan Peninsula, Mexico, serves the population as their only 
drinking water source and is extremely vulnerable to pollution from sewage and agricultural 
practices. Because the native microbes are expected to handle this organic pollution load, this 
study was conducted in order to characterize the phylogenetic and metagenomic composition 
of these communities as well as microbe-mineral interaction in this virtually metal-free water. 
Three karst sinkholes and an abandoned drinking water well at a hotel territory were sampled 
at fresh, saline, and fresh-saline water interface during dry and rainy seasons. The 
phylogenetic analysis showed an overall high microbial diversity, which was highest at the 
sites with anthropogenic influence and lowest in sites with high amount of sunlight. Fecal 
bacteria were not prevalent outside the hotel well. The metagenomic analysis revealed 
relatively high levels of heavy metal and antibiotic resistance as well as numerous aromatic 
hydrocarbon degradation pathways. Rich sulfur and nitrogen cycling is evident on both 
organismal and genomic level, although there is a small discrepancy between the organisms 
detected in the water and the lack of nitrogen metabolism genes. Addition of minerals showed 
that the microbial diversity was increased most by iron-containing minerals. At the interface 
and saline layer, the microbes enhanced the precipitation of sulfur and framboidal pyrite. 
Overall, a highly diverse microbial communities are present in the Yucatan groundwater, 
	  
sustained by permanently warm temperatures and high nutrient input from human activity. 
While this diverse microbiome may contribute greatly to mineralizing the organic pollution 
load, the high amount of fecal bacteria in the hotel groundwater suggests that more stringent 
groundwater protection measures are needed in order to preserve the only freshwater source 
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Yucatan Peninsula (YP), Mexico, lacks any surface waters, and as a result, is completely 
dependent on the groundwater for its freshwater needs. The peninsula has a groundwater 
system that is influenced by its geology, soils, climate, vegetation, human activities, and 
microbial communities. These factors are tightly linked – not only have they helped to shape 
this unique tropical groundwater system, but also influenced the development of each other. 
For example, the fall of Mayan empire was tied to the scarcity of fresh water and soil, 
whereas the Mayans themselves contributed to the pollution of the aquifer. The explosively 
growing population and tourist activity in the peninsula today are facing many of the same 
problems when it comes to water resources.  
 
Some of the factors that influence the groundwater and its quality have been more thoroughly 
studied than others: much is known about the abiotic factors such as the geology, hydrology, 
climate and the soils of the peninsula, and to a lesser extent the biotic factors such as 
vegetation. Human activities, especially at the current time, have a rather complex interaction 
with the groundwater, and while it is clear that many human activities have a direct and 
detrimental effect on the groundwater quality, the extent and the mode of this interaction 
needs to be studied more thoroughly. However, it is the last factor, the microbial communities 
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of the groundwater, that to date have gotten the least attention. This study aims to look at 
these microbial communities at various groundwater sites on the peninsula – their 
composition, genomic potential, how they are influenced by geochemical factors and how the 
microbes, in turn, affect the geochemistry that surrounds them, as well as trying to identify 
which of the factors have most influence on the communities. 
 
Geology and Hydrogeology of the Northern Yucatan Peninsula 
 
Yucatan Peninsula sits atop of the Yucatan Platform that through most of its geological 
history formed a warm, shallow seabed (Weide, 1985). The uplift of the peninsula occurred 
from the Oligocene (the shallow mountain range of Sierrita de Ticul) through the Pleistocene 
(the coastal areas) (Weide, 1985). The maximum elevation of the peninsula is about 150 m 
above sea level, and the average elevation of the coastal areas is around 15 m above sea level 
(Escolero, 2007). An important feature of the area is the Terminal Cretaceous Chicxulub 
Impact Crater, created by asteroid impact approximately 65 mya, lying north of the coastal 
town Chicxulub Puerto (Perry et al., 1995).  
 
The platform and the peninsula are characterized by carbonate deposits (limestone, dolomite, 
evaporite), ranging from shallow-water marine carbonates from the Eocene through marine 
and non-marine carbonates in the Quaternary (Perry et al., 2009).  These carbonate rocks have 
undergone diagenesis, coupled with eogenetic karstification, resulting in highly cavernous 
terrain throughout the peninsula, especially at the Caribbean coast (Beddows et al., 2007), and 
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northern and northeastern parts (Lefticariu et al., 2006; Gines and Gines, 2007). In addition to 
the extensive and interconnected cave system and the fractures in the rock matrix, the soft 
bedrock itself is also highly porous, contributing to the overall permeability of the system. 
Natural resources of the peninsula are limited, offering little besides the limestone and salt; 
metals are completely absent, as is petroleum, which could be expected from areas with 
similar geological history (Perry, Velazquez-Oliman, and Socki, 2003). 
 
The permeability of the bedrock is enhanced by extensive fracturing, caused by the asteroid 
impact approximately 65 mya. The geological features related to this event are the ring of 
cenotes, consisting of two concentric semi-circles of sinkholes about 90 km from the impact 
center, and the “pockmarked terrain”, east of the ring of cenotes, characterized by an 
unusually high number of cenotes in the northeastern plain (Perry et al., 2009; Perry et al., 
1995). The fracturing of the terrain following the impact, together with already present fault 
system that runs perpendicular to the coastline, protruding deep into the peninsula allows 
more extensive saline water flow into the cave system. Mixing of the saline and fresh water 
results in the water becoming unsaturated, which in turn enhances the dissolution of carbonate 
and evaporate rocks (Gines and Gines, 2007). This will lead to subsurface erosion and the 
subsequent collapse of the cave roofs, forming sinkholes filled with water (Perry et al., 2009). 
This kind of permeability (porosity and fracturing of the bedrock, and inadequate soil 
covering that is discussed later) cannot support a surface water system (Bauer-Gottwein et al., 
2011; Perry, Velazquez-Oliman, and Socki, 2003). As a result, the peninsula is covered by an 
extensive cave and karst sinkhole system with essentially no streaming surface water.  
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Yucatan Aquifer: The Physical Characterization, Geochemistry, 
and Sulfur Fractionation 
 
The aquifer of the peninsula is characterized by a thin cool freshwater lens overlaying the 
warm seawater-derived saline layer (Lefticaru et al., 2006). This permanent stratification is 
sustained due to the density difference between the fresh and saline waters, and a narrow 
mixing zone (interface) exists between the two. However, the mixing my not be too limited, 
as the isotopic analysis indicates that the SO4/Cl isotopic ratio of the fresh water is very 
similar to the ratio in the seawater, suggesting that these ions originate primarily from the 
seawater mixing with the saline water layer as well as dry deposition from the sea, carried by 
winds (Perry et al., 2002). In addition to seawater, the ions in the fresh water also originate 
from the surrounding rocks which are primarily calcite (CaCO3) and dolomite (CaMg(CO3)2) 
with traces of anhydrate, gypsum, and celestite (Lefticaru et al., 2006). The mixing is more 
pronounced in the near-coastal groundwater where the groundwater flow is faster and more 
turbulent (Beddows et al., 2007). 
 
The aquifer can easily be accessed through cenotes, the karst sinkholes. The word ‘cenote’ 
(from Mayan tz’onot, meaning ‘lake’ or ‘well of water’ (Lopez, 2008)) has been used 
throughout the literature meaning various bodies of water, including the shallow depressions 
that do not have a direct connection to the aquifer (Alcocer et al., 1998). In this dissertation, 
‘cenote’ refers only to the deep karst sinkholes with permanently stratified fresh and saline 
layers. There are two major types of cenotes: the cavernous and the ‘pit’ cenotes. In the 
Caribbean coast with its excessively cavernous system, the cenotes are characterized by 
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extensively interlinked horizontal passages, and have a fast groundwater flow, while the deep 
‘pit’ cenotes of the north central part of the peninsula (the Ring of Cenotes) have relatively 
few horizontal conduits, and are characterized by slower groundwater movement (Beddows et 
al., 2007).  
 
The water in Yucatan aquifer is warm (24-28°C) throughout the water column, although the 
freshwater layer is slightly cooler than the saline layer. The pH of the groundwater is near 
neutral pH (6.5-7.5), although it is slightly lower in the saline layer. The depth of the cenotes 
varies greatly and depends on the location: the relatively shallow coastal cenotes are about 20 
m deep, and the deep inland cenotes reach over 100 m in depth. Similarly, the depth of the 
freshwater lens varies throughout the peninsula from 5-10 m near the coast to 60-70 m for the 
inland cenotes. The cenotes that penetrate deep into the saline groundwater have a significant 
change in redox potential, measured from around 350 mV near the surface of the freshwater 
to -125 mV in the deep saline layers. The specific conductivity (the measurement of ion 
concentration, or salinity) also varies throughout the water column, measured from zero at the 
surface to 55 mS/cm near the bottom of the cenotes. All these variables change sharply at the 
interface (Fig. 1).  
 
The low redox potential in the deep saline layer of the aquifer favors microbe-mediated redox 
reactions, such as sulfur reduction. In this process, oxidized sulfur compounds (such as SO42-) 
are converted into reduced sulfur compounds (such as sulfide, S2-) by sulfate-reducing 
bacteria and archaea. This sulfide can then be oxidized back into SO42- by sulfur oxidizing 
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bacteria, completing the sulfur cycle. Various intermediate sulfur compounds (such as sulfite, 
thiosulfate, and elemental sulfur) also participate or are formed during the cycle (Amend, 
Rogers, and Meyer-Dombard, 2004). The amount of sulfide that is free to participate in these 
reactions is unusual for the saline environments due to the almost complete absence of metals 
in the aquifer. In typical marine environments, a lot of sulfide would react with metal ions 
(mainly Fe2+), forming sedimentary pyrite (Schoonen, 2004). The lack of metals would favor 
active sulfur cycling without the formation of metal intermediates, and an active population of 
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Figure 1: Typical profile of the water column from Cenote Xcolac. All the parameters 
measured (temperature, pH, ORP, and specific conductivity) are relatively stable through the 
freshwater zone, but change radically at the interface. 
 
Another unusual characteristic of this groundwater is the unusually high sulfur fractionation. 
Sulfur is common in many natural environments, and has several stable isotopes. The most 
common isotope is 32S (95.02%) followed by 34S (4.22%), and this ratio of the two isotopes is 
fixed not only on the Earth but in the whole Solar System since its formation (Canfield, 
2001). Living organisms will preferentially use the light isotopes in cellular processes and, in 
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the case of sulfur, deplete the surrounding environment of the 32S. This deviation from the 
normal ratio between 32S and 34S is called sulfur fractionation (δ34S), and it is an indicator of 
biological activity. For example, before life evolved on the Earth, the sulfur fractionation 
values in every environment were zero, but this value has been steadily rising since life arose 
and began utilizing sulfur compounds for cellular needs (Canfield and Raiswell, 1999). The 
fractionation values obtained by sulfate-reducing bacteria in pure cultures range from 2‰ to 
42‰, whereas the fractionation values obtained with mixed cultures and native populations of 
microbes from various environments in laboratory settings can be as high as 46‰ (Detmers et 
al., 2001). Sulfur fractionation values measured directly in the environment can be even 
higher: for example, in marine environments the value can be as high as 77‰ (Rudnicki et al., 
2001), and the fractionation measured in one of the cenotes was as high as 63‰ (Socki et al., 
2002). This discrepancy could be explained by the presence of sulfur oxidizing bacteria in the 
environment (Canfield and Thamdrup, 1994), and by the absence of metal ions, which would 
lead to the formation of insoluble metal sulfides (Brunner and Bernasconi, 2005). Based on 
these high sulfur fractionation values, an active sulfur-cycling microbial population can be 
predicted to inhabit the Yucatan aquifer. 
 
Climate and Precipitation Patterns 
 
Yucatan Peninsula has a warm subhumid to dry climate, classified by the Köppen system as 
seasonal dry tropical for the northeastern part of the peninsula, and as semi-arid for the 
northwestern and central part of the peninsula (White and Hood, 2004). The mean annual 
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temperature ranges from 24-26°C in the east and over 26°C in the western and central part of 
the peninsula. The total annual precipitation varies from 450 mm in the northwestern part of 
the coast to 1400 mm at the east coast (Hodell et al., 2005). 
 
Yucatan Peninsula has two seasons – a dry cooler season lasting from November through 
April and a hot humid season lasting from May through October. The hot rainy season has the 
average temperature about 5-6°C higher than the cooler season, and roughly 80% of the 
annual precipitation falls during these months (Smart et al., 2006). While the total rainfall can 
be relatively high during the rainy season, the peninsula is characterized by the overall water 
deficit, since roughly 85% of the precipitation is lost through evapotranspiration (Alcocer et 
al, 1998).  
 
Annual variations in precipitation can be caused by tropical storms, hurricanes, and other 
weather phenomena such as El Niño and La Niña. Because the peninsula with its low and flat 
terrain lies directly on the path of many Atlantic hurricanes, the rainfall from the storms in 
major hurricane years is considerably higher (Boose et al., 2003). While the effects of El Niño 
and La Niña pertain primarily to the lands surrounding the southern part of the Pacific Ocean, 
the countries of the relatively narrow Central American land strip are affected even when they 
do not have a coastline with the Pacific Ocean. Interestingly, while El Niño (the warming of 
east Pacific waters) changes precipitation patterns in mainland Mexico, there seems to be no 
correlation of the El Niño years and the precipitation patterns of the Yucatan Peninsula 
(Giddings and Soto, 2003). However, La Niña years are characterized by considerably higher 
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amount of precipitation in Yucatan Peninsula as well as peak hurricane activity (Allen and 
Rincon, 2003). 
 
In Yucatan Peninsula, rainfall is the only way to replenish the freshwater aquifer, and the 
precipitation patterns are therefore important in understanding both the current characteristics 
of the aquifer as well as the history of the peninsula. Stable isotope studies (δ18O and δ13C) 
indicate that the paleoclimate in the past 3500 years has seen periodic events of dryness that 
coincide with the major discontinuation events in Maya history (Hodell, Brenner and Curtis, 
2007). The climate during the Pre-Classic period (2000 B.C.E. – 250 C.E.) had considerably 
higher amount of precipitation, supporting agricultural development, than the progressively 
dryer climate during the Classic period (250 – 750 C.E.) that was characterized by 
urbanization and building large water reservoirs (Hodell, Brenner and Curtis, 2007). The 
Terminal Classic period (750 – 1050 C.E.) that ended with the collapse of the Classic Maya 
civilization is characterized by long stretches of drought punctuated by short periods of 
adequate rainfall (Hodell, Brenner and Curtis, 2007). The Post Classic period (1050 – 1521 
C.E.) was characterized by relatively wet climate until the middle of 15th century, when the 
rapid cooling and drying period from 1441-1460 C.E. (well documented by both Maya and 
Aztec chronicles) coincided with the Little Ice Age that brought similar conditions across 
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Soils, Vegetation, and Fauna 
 
The typical soils of Yucatan Peninsula are shallow, covering the limestone bedrock. The mean 
depth of the soil cover is 7.2 cm (White and Hood, 2004), and can average as little as 1-4 cm 
in the northern part of the peninsula (Allen and Rincon, 2003), or occasionally lack 
completely, exposing the limestone. While Leptosols seem to be common throughout the 
peninsula, the soils in the northern part also include Cambisols and Nitisols, while the 
southern part has also Vertisols and Gleysols (Bautista et al., 2011). Deeper, more nutrient-
rich soil is found in shallow depressions and sinkholes that allow accumulation of organic 
material, and which occasionally hold water (Allen and Rincon, 2003). These shallow 
‘aguadas’ also support rich plant life (Perry, Velazquez-Oliman, and Socki, 2003) and were 
used by the Maya for agricultural purposes (Higbee, 1948). This dearth of soil has a 
significant impact on the fate of the precipitation – most of the rainwater cannot be absorbed 
by the soil, but will evaporate or move directly into the aquifer (Perry, Velazquez-Oliman, 
and Socki, 2003). All this has contributed to the low agricultural potential of the peninsula. 
 
The native vegetation of the peninsula is dry tropical forest (White and Hood, 2004). 
Although the overall diversity of dry tropical forest is considered to be lower than of wet 
tropical forest, the dry tropical forests of Yucatan have unusually high levels of both 
biodiversity and endemism, with about 2300 known plant species, 168 of them endemic 
(Schultz, 2003). The forests of Yucatan are characterized by semi-deciduous and semi-
evergreen trees, intercepted by savannas, and on the coastal areas often bordered by wetland 
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vegetation such as mangroves (Schultz, 2003). Like other neotropical forests, the forests of 
Yucatan Peninsula are dominated by various woody and herbaceous species from Fabaceae 
family, followed by Euphorbiaceae family (Schultz, 2003; Gentry, 1995).  
 
There are signs of human vegetation disturbance (both ancient and current) throughout the 
peninsula, including ancient Maya settlements with agricultural slash and burn practices, late 
19th century timber extractions, and current, often tourism-oriented alterations (Schultz, 
2003). A study conducted by White and Hood (2004) compared the biodiversity of the old 
disturbed sites (Maya ruins) versus undisturbed sites, and concluded that even though the sites 
were abandoned hundreds of years ago, plant diversity at the disturbed sites was still only half 
of the undisturbed one. Intriguingly, there is no evidence of the Maya civilization contributing 
to any biological extinction event despite their periodic intense agricultural practices (Gomez-
Pompa, 2003). 
 
The fauna of Yucatan Peninsula is just as diverse as its plant community, although aside from 
the large mammals and birds, it has not been as well studied. Noteworthy and/or endemic 
species specific for the karst terrain of Yucatan Peninsula are the numerous cave bats (Arita, 
1997), or the cave-adapted blind fish Ophisternon infernale (Romero and Paulson, 2001) 
together with other eyeless and colorless species, many of which are living fossils due to their 
well-isolated environment (Iliffe and Bishop, 2007). Additionally, the Caribbean coast of the 
peninsula is a home for one of the largest coral reef systems in the world (Bauer-Gottwein et 
al., 2011).  
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Historically the biodiversity studies in Yucatan Peninsula have focused on macro fauna and 
flora, with the exception of a few studies of fungi and protozoans. Recently, some studies 
have looked at phyto- and zooplankton diversity and distribution in the cenotes and coastal 
groundwater, looking at the remains of invertebrates, such as Caldocera and Ostracoda in the 
sediments of the cenotes (Smirnoff and Elias-Gutierrez, 2011), and the prevalence and change 
of diatoms and dinoflagellates (Alvarez-Gongora, Liceaga-Correa, and Herrera-Silveira, 
2012). Microfungal diversity was assessed in two freshwater cenotes with a focus on 
discovering new antimicrobial compounds (Gamboa-Angulo et al., 2012). Unfortunately, not 
much attention has been paid to the microbial diversity that would include the prevalence of 




Yucatan Peninsula Today 
 
Today, Yucatan Peninsula is divided into three independent states, Yucatan, Campeche, and 
Quintana Roo. Although the overall population in the peninsula has historically been 
relatively low, there has been a rapid increase in population in the past 40 years, growing 
from 1.06 million in 1970 (Instituto Nacional de Estadística, Geografía e Informática, 2001) 
to 4.1 million in 2010 (Instituto Nacional de Estadística y Geografía, 2013). Of the three 
states, Yucatan is the most populous with 1.956 million people, followed by Quintana Roo 
with 1.326 million and Campeche with 0.822 million people (Instituto Nacional de Estadística 
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y Geografía, 2013). However, the population growth has been especially rapid in the eastern 
state, Quintana Roo, since it gained statehood in 1972 and initiated the government sponsored 
program for development of tourism industry (Gobierno del Estado Quintana Roo, 2010). 
Since then, the population of the state has grown from 88,150 in 1970 (Instituto Nacional de 
Estadística, Geografía e Informática, 2001) to 1.326 million in 2010 (Instituto Nacional de 
Estadística y Geografía, 2013). Moreover, the population of Cancun, the main tourism 
destination in Mexico, grew from about 500 in 1970 (Aguilar and De Fuentes, 2007) to 
628,306 (Instituto Nacional de Estadística y Geografía, 2013). Similar rampant growth 
patterns have been seen in other towns and villages along the east coast of Yucatan Peninsula. 
The growth and promotion of tourism is supported both by state and federal governments. For 
example, the Quintana Roo State plan of 2005-2011 identified tourism as the motor driving 
the state’s economy, and makes the development of tourism one its top priorities (Gobierno 
del Estado Quintana Roo, 2010).  
 
While this kind of planned development has economically benefited the local population, the 
development of necessary infrastructure to support such population growth has not kept up 
with the development of tourist resorts. While the low agricultural potential and food 
production in this global era are not as acute problems as they were during the first 
millennium, the scarcity of freshwater and the vulnerability of the aquifer have become even 
more pronounced issues in the 21st century. While the lack of large-scale industrial 
development and mining has kept the aquifer free from various industrial pollutants that 
plague many tropical aquifers in other parts of the world, the aquifer of Yucatan Peninsula is 
	  	   15	  
threatened mainly by municipal human waste, and to the lesser extent by agricultural run-off, 
which has become problematic in the later part of the 20th century due to increasing (and often 
indiscriminant) fertilizer and pesticide use (Alcocer, 1998). As a result, the freshwater aquifer, 
which is the only source of drinking water for the peninsula, is most notably contaminated 
with fecal bacteria and nitrates, both of which have significant health and economic impacts 
to the population (Pacheco et al., 2001; Pacheco et al., 2000). 
 
While the main source of nitrates in the water is the agricultural use of nitrogen-rich fertilizers 
(Pacheco et al., 2001), the bacterial contamination is a direct result of improper sewage 
disposal both in the rural and urban areas. The states of Yucatan Peninsula do not have a 
uniform wastewater disposal strategy, and the practices vary. As a rule, the tourist areas and 
resorts have often installed small modern wastewater treatment plants that service only the 
resorts and the hotels, leaving the rest of the city to their own means. This kind of dichotomy 
is especially well-pronounced in city of Cancun and other east coast resort towns and villages. 
For example, the hotel zone in Cancun that covers 10.7% of the city territory has several state 
government subsidized modern wastewater treatment facilities, while the rest of the city must 
rely on privatized sewage services (Aguilar and De Fuentes, 2007). While more modern 
sewage treatment facilities are built in the area, it is estimated that in 2009, only 
approximately 45% of the inhabitants of Cancun were connected to the modern sewage 
treatment facilities while the majority of the rest were relying on private septic systems (Punta 
Norte Wastewater Treatment Plant, 2010, personal communication). This creates a situation 
where tracking the exact modes and amounts of effluent disposal is increasingly hard. 
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Wastewater Treatment: Current Options and Future Goals 
 
The disposal of the wastewater effluent varies among the municipalities, and depends on the 
mode of wastewater treatment available. Many of the modern wastewater treatment plants 
either disperse the secondary treated chlorinated effluent into the ocean, several kilometers off 
shore, or inject it into the saline groundwater lens below the water table (Punta Norte 
Wastewater Treatment Plant, 2010, personal communication). Smaller wastewater treatment 
facilities, often owned and operated by the resorts, may either disperse the effluent into 
mangrove swamps (Centro de Investigacion Cientifica, Yucatan, 2010, personal 
communication), or have their own private injection wells that generally are shallower than 
the injection wells for the large treatment plants (Beddows, 2004). The effluent can also be 
used for irrigation (Marin et al., 2000). Cities that lack adequate wastewater treatment 
facilities may choose any of these options for untreated sewage (Graniel et al., 1999), while 
the houses with private septic systems dispose their wastes just several meters above the water 
table (Marin et al., 2003). The threat from marine disposal of the effluent is the harm caused 
to the fragile coastal ecosystems, increasing the threat of eutrophication and pollution of the 
beaches (Paul et al., 2000). The problem with injected effluent, septic tank effluent, and the 
usage of effluent for irrigation is that it influences the freshwater aquifer. Although the anoxic 
conditions of groundwater are typically inhibitive to pathogen survival, the rapid flow of karst 
systems together with warm temperatures ensure at least partial survival of pathogens 
(Gelting, 1995). As a result, most of the upper part of the freshwater aquifer throughout the 
peninsula is now unsuitable for human consumption (Graniel et al., 1999). 
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Arguably the most devastating effect to the groundwater comes from the Mexican-type septic 
systems called ‘fosa septica.’ In these systems, the pipe from the clarifying chamber of the 
septic tank enters a vertical well through a gravel filter, and the effluent is disposed into the 
vertical pit (Centro de Investigacion Cientifica de Yucatan, 2010, personal communication). 
While this system is space-efficient, it delivers the effluent closer to the groundwater source, 
increasing the likelihood of contamination (Marin et al., 2003). While this system may have 
smaller impact in scarcely populated rural areas, when this mode of disposal is used primarily 
in the urban setting, the outcome will be much more dramatic and expensive. For example, 
the city of Merida, the capital of the State of Yucatan, with population over 600,000 (in 
2003), has an estimated 83,000 septic tanks, all of which are disposing their effluent just 3-7 
meters above the saturated zone of freshwater aquifer, which is almost like disposing the 
sewage straight into the aquifer (Marin et al., 2003). As a result, majority of the freshwater 
wells in Merida are so contaminated that they have been abandoned, and the water supply is 
pumped in from an aquifer outside the city (Gelting, 1995). 
 
Fortunately, there has been a substantial increase in the number of wastewater treatment 
facilities in Mexico since the early 1990s. In 2008, there were 1883 municipal treatment 
plants, and but the amount of wastewater treated by treatment plants had almost quadrupled 
from 33.7 m3/s in 1996 to 83.6 m3/s in 2008 (National Water Commission of Mexico, 2010). 
Yucatan Peninsula had 55 treatment plants, 29 of them in the State of Quintana Roo. The 
objective is to increase the number of treatment plants, especially considering that the 
population of the peninsula is expected to grow from 4.104 million in 2010 to 5.807 million in 
	  	   18	  
2030, with most of the growth in the urban areas (National Water Commission of Mexico, 
2010). 
 
However, the fate of the effluent from the modern wastewater treatment plants can also be 
problematic, since the final effluent is secondary treated chlorinated sewage. Depending on 
the location of the treatment plant, the effluent is either injected into the saline groundwater 
lens below the water table, piped out to the sea several kilometers off the coastline, or filtered 
through the mangroves to remove the excess nitrates, phosphates and organic carbon before it 
reaches the open marine waters. One treatment plant may use several methods of the effluent 
discharge (Punta Norte Wastewater Treatment Plant, 2010, personal communication).  
 
Injection wells have been used for both industrial and domestic wastewater disposal in the 
United States since 1930s, although they were not federally regulated until the sharp increase 
in injection well usage in 1970s (United States Environmental Protection Agency, 2001). In 
this method, pressurized liquid waste is placed into the porous underground rock formations 
under the water table (Paul et al., 1998). The practice of pumping treated wastewater into the 
saline groundwater is commonly practiced by the municipal wastewater treatment plants in 
Yucatan Peninsula as well as in the private treatment plants in the resorts along the eastern 
coast of the peninsula (Beddows, 2004).	  However, the depths of the actual injection wells 
vary, depending on the depths of the aquifer systems: in Cancun, the Punta Norte wastewater 
treatment plant will pump the effluent to 90 m below land surface (Punta Norte Wastewater 
Treatment Plant, 2010, personal communication), the injection wells farther from coastline 
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(i.e. in the city of Merida) inject their sewage effluent over 200 m below the surface of the 
ground due to thicker freshwater lens (Marin et al., 2000), and the wells in southeastern US 
are generally over 700 meters deep (Maliva et al., 2007). 
 
The potential problems of sewage injections into saline groundwater systems near coasts 
include the possible groundwater flow into the coastal waters as well as mixing with the fresh 
groundwater above. The groundwater flow is further enhanced by permeable limestone 
topography, and is driven by tides (Cable et al., 2002). The vertical migration of wastewater 
and mixing of sewage with the freshwater above the injection wells is the main potential 
problem of injection wells; it is directly dependent on the geological features, such as 
fractured rock matrix that will enhance the velocity of upward migration (Maliva et al., 2007). 
Slower vertical migration of the effluent would allow the relatively high load of injected 
organic material be further reduced by the native microbes in the saline and saline-fresh 
groundwater interface where the organic material availability is usually scarce. 
 
An alternative, although smaller-scale option to the injection wells is to dispose the effluent to 
the mangrove swamps. Filtering through the mangroves will reduce the organic carbon, 
nitrogen and phosphate load as well as function as a sink for heavy metals before the treated 
water reaches the ocean or ends up in the aquifer (Holguin et al., 2001; Harbison, 2003). This 
sort of filtering capacity is achieved through plant-microbe interaction in these systems where 
the anaerobic bacteria reduce the nitrate to ammonia that is readily absorbed by plants or 
converted into nitrogen gas and removed from water (Corredor and Morell, 1994). The 
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conditions are also near optimal for phosphate solubilization, since the byproducts of 
microbial metabolism can interfere with precipitation of insoluble phosphates under anaerobic 
condition (Holguin et al., 2001). Additionally, sulfate reduction by the sulfate-reducing 
bacteria in the mangrove swamp sediment plays a main role in heavy metal removal from the 
wastewater effluent, since the produced sulfides react with the metals and precipitate out as 
insoluble metal sulfides (Harbison, 2003). 
 
The use of mangroves has historically been employed in Yucatan Peninsula and in many 
places it is still used as a natural tertiary sewage treatment facility. Many of the smaller 
wastewater treatment facilities owned by the tourist resorts along the east coast of the 
peninsula filter their secondary treated sewage through mangrove swamps, although this 
process is not sufficiently monitored (Centro de Investigacion Cientifica de Yucatan, 2010, 
personal communication). Although mangrove swamps are excellent natural water 
purification systems when it comes to organic nutrient reduction, not much is known about 
the fate of potentially pathogenic organisms as they move through these systems. For 
example, a study by Hernandez-Terrones et al. (2010) found that the fecal coliform counts in 
the mangrove swaps were quite high (125 CFU/100ml). If these contaminant bacteria are not 
contained in that area, they can threaten the water quality of beaches and coral reefs. 
 
Finally, constructed subsurface flow wetlands (often called ‘wastewater gardens’) are a viable 
option for small, ecologically committed municipalities. Constructed wetlands are confined 
shallow march-pools that lack direct contact with groundwater, and where the flowing 
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effluent is purified with the help of microbial communities, wetland plants, and adsorption to 
mineral grains (Whitney et al., 2003). Constructed wetlands can be used to treat both black 
and gray water as well as secondary treated sewage, all of which are high in nitrogen, 
phosphorus and carbon, and potentially heavy metals (Centro Ecologico de Akumal, personal 
communication, 2009). The effluent from constructed wetlands can be further purified by 
natural mangrove ecosystems if possible to decrease the likelihood of eutrophication of the 
coastal waters. The important advantage of constructed wetlands is their low cost compared to 
industrial sewage treatment plants (Kreckeler et al., 2010). 
 
One of the major issues hindering the sewage treatment in the peninsula is the cost. 
Thankfully, the Mexican government together with private national and international 
organizations have made resources available to the inhabitants for connecting their houses to 
municipal sewage treatment systems (Kerr, 1995; de Anda and Shear, 2008). The UN 
Millennium Target Goal is to have 100% of the households in Mexico connected to a 
municipal sewer system by 2015 (de Anda and Shear, 2008). While this is a worthy goal and 
does address the major issue of the inadequate septic systems, it does not guarantee that the 
sewage effluent produced by the treatment plants will be adequately disposed. The large 
treatment plants that lack in situ tertiary treatment options will still be introducing relatively 
high organic nutrient loads into the environment, leaving it up to the native microbial 
populations in the ocean or the saline groundwater to take care of the effluent.  
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Microbial Communities 
 
While the physical and chemical characteristics of the Yucatan aquifer have been well studied 
in the past century, it is hard to get a comprehensive picture of the processes in the aquifer 
without considering the role native microbes play in these systems.  Unfortunately, until now, 
most of the microbial studies have focused on the presence and transport of the pathogens in 
the part of the aquifer that is used as a drinking water source near densely habited areas 
(Pachecho, Cabrera, and Marin, 2000), but very little has been done to study the indigenous 
populations and their interaction with the geology, geochemistry, and anthropogenic influence 
on the aquifer. Yucatan Peninsula has high biodiversity when it comes to macro flora and 
fauna, and the warm groundwater of the peninsula will likely also support a phylogenetically 
diverse and rich microbial community, including bacteria, archaea, and various micro-
eukaryotes, such as diatoms. The composition and activity of these communities depends on 
the geochemical conditions as well as the organic nutrient input from various sources. 
 
In Yucatan Peninsula, where large-scale industrial contamination is minimal, the nutrient 
input for the microbes comes from agricultural run-off (in rural areas), from municipal and 
recreation sources such as inadequate sewage disposal (all over the peninsula), and from 
vegetation input from the semi-deciduous flora (in the sinkholes that are open to the 
environment). For the most part, the organic matter serves as a source of reduced carbon 
compounds for heterotrophic microbes. While the aquatic systems produce their own organic 
matter, it is the introduced organic matter that can be present in high quantities and contain 
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compounds that are hard to degrade for most heterotrophic organisms (Münster and Crost, 
1990). Input of high amounts of such compounds may select for an unusually high 
concentrations of certain microbial populations that are capable of degrading these 
compounds. In addition to organic carbon input, the composition of specific microbial 
communities throughout the water column of the cenotes are determined by the availability of 
light, dissolved oxygen levels, redox potential, specific conductivity, and various other geo- 
and biochemical factors (Figure 2). 
 
 
Figure 2: Redox potential as predictor for biological activities in aquatic environments. 
Adapted after Gerardi (2007).  
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While the overall diversity of the microbial communities in the cenotes and the diversity 
differences between these communities are important indicators for the effects that the 
geochemical and anthropogenic influences can have on the microbial populations, some 
microbial groups in these communities deserve a specific focus. Because the cenotes have a 
high sulfide concentration and high sulfur fractionation values, sulfur cycling microbes 
deserve special attention. Other groups of microbes that are of interest include fecal coliform 
bacteria (and other indicator organisms) as potential indicators of fecal contamination of the 
aquifer, bacteria involved with nutrient mineralization in wastewater effluent, methanogens, 
cyanobacteria, and various micro-eukaryotes such as diatoms as indicators of water quality. 
 
Specific Groups of Interest: Sulfur-Cycling Microbes 
 
Sulfur cycling is an important process in the nature where sulfur in its different oxidation 
states is moved through biotic and abiotic systems. The cycle consists of two parts: sulfur 
oxidation, where reduced sulfur compounds (S2-) or elemental sulfur (S0) are oxidized, and 
sulfate reduction, where the oxidized sulfur compounds or elemental sulfur are reduced back 
to sulfides. Sulfate reduction can be assimilatory (to incorporate sulfur into the cell) or 
dissimilatory (oxidized sulfur compounds act as final electron acceptors during respiration). 
Sulfur respiration is estimated to be one of the earliest energy producing mechanisms for the 
organisms during the reducing conditions in the early Earth’s oceans (Stetter, 1996).  
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Oxidation of reduced sulfur compounds can happen both chemically and biologically. The 
chemical oxidation of sulfide to sulfate is a multi-step reaction where the reactions are 
progressively slower as the oxidation state increases, and where the reaction rates depend 
heavily on available oxygen levels, pH, and temperature (Nilelsen, Vollertsen and Hvitved-
Jacobsen, 2003). The biological oxidation process that is facilitated by enzymes is much 
faster. Sulfate reduction can also occur by both biological and chemical processes; however, 
the biological oxidation happens generally in the temperature range of 0-80°C (with some 
hyperthermophiles being capable of sulfate reduction around 110°C), while the 
thermochemical sulfate reduction generally requires temperatures of 100-180°C (Machel, 
2001). Specific groups of bacteria are associated with each step of the cycle (Figure 3). 
 
Figure 3: Microbial sulfur cycle and the groups of microbes associated with it.  
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There are two main types of sulfur oxidizers – the pigmented, photosynthetic sulfur oxidizers 
and the colorless sulfur oxidizers. The non-pigmented sulfur oxidizers (many different 
families, mostly classes Beta, Gamma and Epsilon Proteobacteria) can be heterotrophs, or 
either obligate or facultative chemo-autotrophs, depending on the availability of nutrients and 
oxygen conditions. The chemo-autotrophic growth only happens under aerobic conditions 
while the heterotrophic growth that is energetically favorable can happen under both aerobic 
or anaerobic conditions when sufficient organic carbon is present (Kunen, Robertson, and van 
Gemerden, 1985). This makes the colorless sulfur bacteria flexible in their environmental 
requirements and allows them to compete with the photosynthetic sulfur oxidizers. Various 
colorless sulfur bacteria, such as Thiobacillus and Thiomicrospira, can also reduce nitrate, 
which has made these bacteria valuable for wastewater treatment. Since the nitrate reduction 
happens optimally at neutral pH, 33-35°C, and at a nitrate concentration below 660mg/l (Oh 
et al., 2000), these microbes are expected to be present and active in the cenotes. 
 
The pigmented sulfur oxidizing bacteria are also a diverse group of organisms. These bacteria 
are capable of anoxygenic photosynthesis, although some of them (i.e. purple non-sulfur 
bacteria) can also grow heterotrophically when no light is available for photosynthesis. 
Sulfide has a more negative redox potential than water and is used by these bacteria as an 
electron donor, although other compounds, such as H2 or acetate can also be used for that 
purpose (Overmann, 2008). These bacteria are also known for storing elemental sulfur, either 
intracellularly or extracellularly, and the stored sulfur can amount to 30-55% of the dry 
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weight of the bacteria, depending on the organism and the environmental conditions (Mas and 
Van Gemerden, 2004). 
 
The presence of certain types of pigmented sulfur bacteria depends on the sulfide 
concentration, and the amount and the wavelength of light present. Purple sulfur bacteria (all 
class Gamma Proteobacteria, order Chromatiales) that possess both various carotenoids 
(spirilloxanthin, spheroidene, lycopene, rhodopsin) and short wavelength bacteriochlorophylls 
(Bchla or Bchlb) are prevalent in most sulfidic aquatic environments (Madigan and Jung, 
2009). Purple non-sulfur bacteria (mainly class Alpha Proteobacteria, orders Rhodobacerales, 
Rhodospirilliales) contain many of the same photosynthetic pigments, although their 
metabolism is more diverse, allowing both autotrophic and even fermentive heterotrophic 
growth. Also, the name “non-sulfur bacteria” is slightly misleading; although it was initially 
believed that these organisms could only tolerate low levels of sulfide in their environment, 
some can tolerate as high as 5 mM sulfide concentrations (Hansen and Imhoff, 1985). 
Additionally there are several purple non-sulfur bacteria that actually use sulfide as their 
electron donor (Hansen and van Gemerden, 1972).  
 
Although light has an overall inhibitory effect on microbial growth, photosynthetic sulfur 
oxidizers are one of the exceptions to the rule. These anoxygenic bacteria thrive in the 
interface and saline layers of cenotes with clear water, forming occasionally dense growth 
layers with visible coloration. In most anoxic aquatic environments with high light input, the 
pigmented sulfur bacteria dominate over the pigmented non-sulfur bacteria, and only in few 
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rare environments with high organic pollution levels do the purple non-sulfur bacteria 
dominated over the purple sulfur bacteria (Overmann, 2008). 
 
Of all the pigmented bacteria, the green sulfur bacteria (Chlorobiaceae) are by far the most 
efficient bacteria when it comes to light harvesting. This is due to specific photosynthetic 
antenna complexes called chlorosomes, which are large, numerous, and contain 
bacteriochlorophyll (Bhcl) a, and either Bhclb, c or e, as well as carotenoids, (Bryant and 
Frigaard, 2006). Green sulfur bacteria have been found growing at the chemocline 100m deep 
in the Black Sea, where they receive 0.0007% of the light intensity available at the surface 
(Manske et al., 2005). Because of this wide range of optimal light conditions, the green 
bacteria are found generally below the purple bacteria in the lower layers of the water column, 
since the green bacteria can outcompete purple bacteria in low light environments (Madigan 
and Jung, 2009). Green non-sulfur bacteria (Chloroflexi) also use chlorosomes for light 
harvesting, and despite the name, many of them do use sulfide as an electron donor (van de 
Meene et al., 2007). Green sulfur (and non-sulfur) bacteria are also more versatile in their 
temperature requirements: while the photosynthesis in the purple bacteria is constrained to 
below 57°C, some of the green bacteria (Chloroflexus auranticus) can grow at 70°C (Madigan 
and Jung, 2009). 
 
Sulfate reduction is a process when the oxidized sulfur compounds (i.e. SO43-) are reduced to 
sulfide (S-, H2S). Sulfide is toxic for all living cells, although some organisms, like the ones 
participating in the sulfur cycling are more resistant to it. Most cells can perform assimilatory 
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sulfate reduction, in which small amounts of sulfates are converted into sulfide that is then 
rapidly incorporated into molecules needed for cellular function. Sulfate-reducing bacteria 
perform dissimilatory sulfate reduction, which is a form of anaerobic respiration where sulfide 
is the final metabolic product.  
 
Depending on the organism and the environmental availability of the substrates, the reduction 
of sulfate can be coupled either with oxidation of H2, or small organic compounds such as 
lactate, acetate or propionate (Thauer, Stackebrandt, and Hamilton, 2007). Growth with H2 as 
the electron source proceeds through two intermediates – the sulfate is first phosphorylated by 
a cytoplasmic pyrophosphatase to form adenosine phosphosulfate (APS), which is then 
reduced to bisulfite (HSO3-), followed by its reduction to HS-. This is necessary to increase 
the redox potential of the first step in the reaction – the redox potential of SO42- to HSO3- is -
516mV, whereas the redox potential from APS to HSO3- reduction is -60mV (Thauer, 
Stackebrandt, and Hamilton, 2007). Depending on the structure and efficiency of the ATP 
synthase in the particular organism, the net gain of ATPs from this chain of reactions is 
between 3 and 5 per molecule of sulfate reduced (Dimroth and Cook, 2004).  
 
Dissimilatory sulfate reduction can also occur with small organic acids being the electron 
source as well as carbon source. Many sulfate reducers are capable of incomplete oxidation of 
lactate to acetate and CO2 using the H2 that forms as the intermediate in the reaction to reduce 
the cytochromes, which are then re-oxidized with sulfate (Pereira, Haveman, and Voordouw, 
2007). Sulfate reducers that use acetate, mineralize it completely, using either the incomplete 
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citric acid cycle or acetyl CoA pathway (Muyzer and Stams, 2008). Some species can also 
grow with propionate, oxidizing it to acetate via propionyl CoA, which can be derived either 
from propionate, or from beta oxidation of fatty acids (Thauer, Stackebrandt, and Hamilton, 
2007). Depending on the presence of other organisms such as methanogens, or environmental 
sulfate concentrations, these organisms can also grow either fermentively or acetogenically 
(Muyzer and Stams, 2008).  
 
In addition to sulfate based respiration, the sulfate reducers can also reduce other sulfur 
compounds such as thiosulfate, sulfite and sulfur, grow with nitrate as a terminal electron 
acceptor, reducing it to ammonia, and reduce ferric iron, uranyl, selenite, chromate and 
arsenate (Muyzer and Stams, 2008). Moreover, while these bacteria had been considered to be 
obligate anaerobes since their discovery in 19th century, many of them are actually capable of 
aerobic respiration with oxygen as the final electron (Sass and Cypionka, 2007). However, 
while the sulfate reducers may gain energy from aerobic respiration, their DNA replication 
(and cellular replication) is inhibited under oxic conditions, and these organisms will convert 
back to anaerobic respiration whenever possible (Kjedsen, Joulian, and Ingvorsen, 2004).  
 
The rate of sulfate reduction and activity of sulfate-reducing bacteria is dependent on 
environmental conditions, which, in addition to the low reduction potential, include both 
sulfate and sulfide concentrations as well as availability of organic nutrients. While these 
bacteria depend on sulfate as their final electron acceptor, and produce sulfide as a byproduct, 
both high sulfate and sulfide concentrations can be inhibitory to these bacterial communities. 
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The balance between sulfate, sulfide and organic nutrients is especially important in 
wastewater treatment facilities, where inhibition of a key microbial community, such as SRB, 
can result in a treatment failure. High sulfate concentrations in the wastewater will lead to the 
corrosion of concrete structures in the treatment facility. The bioremoval of sulfate from 
wastewater is important for sewage with high heavy metal concentration since the metals will 
be precipitated out as metal sulfides (Al-Zuhair, El-Naas and Al-Hassani, 2008).  
 
In groundwater, sulfate is a naturally occurring compound that usually comes from the 
surrounding mineral substrates. In Yucatan aquifer, which is in contact with gypsum deposits 
as well as sulfidic seawater, the sulfate concentrations can fluctuate between 30-2400 mg/l 
(Acocer et al., 1998). The current EPA guidelines for sulfate levels in the drinking water, set 
at 250 mg/l, have mainly esthetic considerations (taste and smell), rather than health 
implications (United Stated Environmental Protection Agency, 2013). The sulfate 
concentration that has been shown to be optimal for the SRB in wastewater treatment plants is 
about 2300 mg/l at pH 7 and 35°C (Al-Zuhair, El-Naas and Al-Hassani, 2008). Therefore the 
sulfate concentration in the Yucatan groundwater (with its neutral pH and 26-28°C 
temperature) is close to the optimal level for the activity of sulfate-reducing bacteria. 
 
Hydrogen sulfide is produced as an end product of sulfate reduction, and is toxic to most cells 
because it functions as a cytochrome c oxidase inhibitor (Nichols and Kim, 1982). It can be 
especially problematic in water that is devoid of metals, such as the groundwater in Yucatan 
Peninsula, since a lot of sulfide in other systems is removed from circulation by reacting with 
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metals, forming metal sulfides. The sulfide tolerance levels within bacterial communities vary 
widely depending on the community composition, pH, temperature, and carbohydrate 
availability. The reported sulfide concentration that will completely (though reversibly) 
inhibit bacterial sulfate reduction at pH 6.7 is 547 mg/l (Reis et al., 1992), although the toxic 
levels start at much lower concentrations for different groups of sulfate reducers. For 
example, in stirred tank reactors, the lactate utilizing SRB are inhibited at 100-150 mg/l and 
the acetate and propionate utilizing SRB are inhibited by 60-70 mg/l of sulfide concentration 
(Speece, 1996). However, at pH 8 and 25°C, the sulfate reducers were able to tolerate much 
higher sulfide concentrations, from 500-1400 mg/l, although the rate of sulfate reduction at 
this concentration was considerable lower (Greben et al., 2004). This higher tolerance is 
probably due to two factors: high sulfide concentration completely inhibits the methanogens, 
removing the competition for organic nutrients, and because at pH 8, only 10% of the sulfide 
is in the highly toxic H2S form (as opposed less toxic to HS-), compared to 50% at pH 7 
(Greben et al., 2004).  
 
Phylogenetically, the dissimilatory sulfate-reducing bacteria are ancient group of microbes, 
dating back at least 3.47 Ma when the Earth’s atmosphere and oceans were reducing (Thauer, 
Stackerbrandt, and Hamilton, 2007). They are also a diverse group of microorganisms with 
the majority of them belonging to class Delta Proteobacteria (i.e. Desulfobacterales, 
Desulfovibrionales, Syntrophobacterales), but there are also Gram positive sulfate reducers in 
class Firmicutes (Peptococcaceae and Veillonellaceae). There are three different groups of 
thermophilic sulfate reducers: the order Nitrospirales has a branch of thermophilic sulfate 
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reducers (Thermodesulfovibrionaceae), and two basal lineages, Thermodesulfobacteria, and 
Thermodesulfobiaceae (Muyzer and Stams, 2008). In addition to bacteria, two 
hyperthermophilic genera of archaea, Archaeoglobus (phylum Euryarcheota) and Caldivirga 
(phylum Crenarcheota), are known to perform dissimilatory sulfate reduction (Pereira et al., 
2011). In addition to sulfate-reducing bacteria, there are also many sulfur-reducing bacteria 
that reduce elemental sulfur to sulfide, which include Campylobacter, Desulfurella, 
Sulfurospirillium, Thermotoga and Wollinella (Fauque, 1995); this process can also be 
performed by several sulfate-reducing bacteria (Desuflurobacter, Desulfovibrio), and is also 
very common among hyperthermophilic archaea (Hedderich et al., 1999). 
 
Sulfate-reducing bacteria often occur in the environment in association or competition with 
other bacterial communities. At the oxic-anoxic interface where sulfate is freely available, the 
SRB form close associations with sulfur oxidizing bacteria. This allows more rapid removal 
of toxic sulfide, which can become the electron donor for the sulfur oxidizers (Thauer, 
Stackebrandt, and Hamilton, 2007). Deeper in the anoxic regions, as long as sufficient amount 
of sulfide is present, the sulfate-reducing bacteria will outcompete the archaea performing 
methanogenesis (CO2 reduction to CH4), because the sulfate-reducing bacteria have a higher 
affinity to the H2, that is used as an electron donor (Lovley, Dwyer, and Klug, 1982). It has 
also been suggested that methanogens are more sensitive to high sulfide concentrations 
(Uberoi and Bhattacharya, 1995). In these deep anoxic environments the sulfate reducers 
associate with fermenting organisms. Since fermentation will result in incomplete oxidation 
of various sugars and other carbohydrates, these partially degraded small organic end products 
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(acetate, lactate, formate), as well as H2 will now become the carbon and electron donors for 
the SRB (Thauer, Stackebrandt, and Hamilton, 2007). 
 
Although the geochemical and hydrological profiles of the cenotes have been well 
established, the exact composition of sulfur cycling microbial communities in Yucatan 
groundwater has not been studied. Knowing which microbes are participating in the sulfur 
cycling in the cenotes will allow linking the microbial community composition to specific 
environmental conditions, and may help explaining the various geochemical anomalies such 
as the high sulfur fractionation values. In 2007, Pedersen established the presence of six major 
SRB groups in the groundwater of two cenotes using the PCR-based method as described in 
Daly et al (2000). Recent developments in molecular techniques, such as next generation 
sequencing, have allowed an in-depth look at these sulfur cycling communities in detail that 
was not possible before. 
 
Specific Groups of Interest: Methanogens 
 
Methanogens are archaea that reduce either CO2, acetate, or some other C-1 compounds, and 
produce methane as the end product. Methanogens populate diverse environments, from the 
guts of various vertebrates (i.e. cows) and invertebrates (i.e. termites) to deep sea 
hydrothermal vents, and can live under various extreme conditions including very high and 
low temperatures as well as extreme salt concentrations (Jones, Nagle and Whitman, 1987). 
All these environments are strictly anaerobic, because most methanogens lack the enzymes to 
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neutralize reactive oxygen species, although some methanogens have been found living in 
more oxic environments (Peters and Conrad, 1995). Methanogens are common in freshwater 
sediments where the redox potential is below -200 mV (Fetzer and Conrad, 1993), and where 
the produced methane is known as “swamp gas.” Methanogenesis can only be performed by 
archaea and not bacteria, and methanogens do not form a monophyletic group within the 
domain, but belong to five diverse orders within phylum Euryarcheota (Luo et al., 2009). 
Metabolically there are three types of methanogens – class I that utilize CO2/H2 or formate, 
and includes the orders Methanobacteriales, Methanococcales, and Methanopyrales; class II 
that grow on more diverse substrates, such as methanol, acetate, methylamines, and other C-1 
compounds, and includes the order Methanosarcinales; and more recently added class III 
methanogens that can use formate, CO2, or some secondary alcohols as a carbon source, and 
includes the order Methanomicrobiales (Anderson et al., 2009).  
 
Methanogens have an important role to play in global carbon cycling, since they perform the 
final steps of organic degradation under anaerobic conditions (Anderson et al., 2009). In this 
capacity they are also used in the wastewater treatment plants where these archaea are 
employed in the anaerobic digesters. In the environment methanogens will form associations 
with various fermenting and anaerobically respiring bacteria that provide them with 
substrates, such as H2, acetate, formate, methanol and methylamines, which is especially 
important for the methanogens since these archaea cannot utilize sugars as carbon sources. 
However, methanogens are also easily outcompeted for H2 and acetate by various organisms, 
such as acetogens and sulfate reducers, depending on the substrate and sulfate concentrations 
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in the environment (Dar et al., 2008). Since sulfate reducers have been shown to outcompete 
methanogens even in millimolar sulfate concentrations (Lovley and Klug, 1983), 
methanogens are not expected to play a major role in the highly sulfidic groundwater of 
Yucatan Peninsula.  
 
Specific Groups of Interest: Fecal Indicator Organisms 
 
The groundwater of Yucatan Peninsula is in danger of fecal contamination from various 
sources. The main contributor are the inadequate septic tank systems that are common 
throughout the peninsula, but various other wastewater disposal methods may contribute to it 
as well. In rural areas where cattle and other domestic animals are kept, farming runoff will 
contribute to aquifer pollution. Moreover, cenotes, which are directly connected to the rest of 
the aquifer, are also popular recreational swimming places. In the coastal area, swimming in 
the caves and cenotes is a popular tourist attraction; in the rural areas it is not uncommon for 
these recreational cenotes be the only source of household water for the nearby inhabitants. 
Considering that, fecal pollution will almost definitely be present, and the questions are to 
what extent, and whether there is variation in the pollution indicators within the different 
cenotes. 
 
Fecal contamination of the Yucatan aquifer has been well documented historically, and the 
public health effects of it are closely monitored by health and environmental agencies in 
Mexico as well as internationally. The sanitation-related diarrhea afflicting almost one third of 
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the visitors to Mexico has even acquired a folklore name “Montezuma’s Revenge”, referring 
to the 16th century Aztec leader who was defeated by the Spanish conquistadors (Torres and 
Skillicorn, 2004). This diarrhea does not have just one causative agent, but rather can be 
caused by numerous fecal bacteria, viruses and protozoans that can be acquired through 
contaminated food and water. The Centers for Disease Control and Prevention estimates that 
about 80% of diagnosed ‘travellers diarrhea’ cases are caused by bacteria, with enterotoxic 
Escherichia coli being the most common cause; however, in about half of the cases the 
causative agent of the diarrhea remains unknown (CDC, 2006). Other agents causing the 
diarrhea include the bacterial pathogens Shigella spp, Campylobacter jejuni and Vibrio 
parahaemolyticus, several enteric viruses, such as Rotavirus, and a few pathogenic protozons, 
such as Entamoeba histolytica, Giardia intestinalis, and Cyclospora cayetanensis (Torres and 
Skillicorn, 2004). Additionally, non-typhoidal Salmonella infections make up 5-15% of 
diarrhea cases that are brought to medical attention in Mexico (Zaidi et al, 2008).  
 
The prevalence of fecal-associated diarrhea cases is detrimental to the local population as well 
as to the tourism industry, which provides the majority of income in many areas throughout 
the peninsula, and therefore it is essential to monitor the groundwater for these bacteria. 
However, direct monitoring for the presence of pathogens themselves is usually unreliable, 
because they are rare and can easily be missed if the sampling time does not coincide with the 
time they were passing through the system. Instead, the water is monitored for indicator 
organisms, which are usually bacteria that are shed with feces and whose behavior in aquatic 
environment is similar to the pathogens but which are present in greater numbers than the 
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pathogens, and thus more easily detectable (Carrero-Colon, Wickham, and Turco, 2011). 
Additionally, many pathogens are fastidious organisms that would require special media and 
growth conditions, while the indicator organisms are robust, and can grow well with most 
commercially available media.  
 
The most common fecal indicator bacteria are the coliforms and fecal coliforms, fecal 
streptococci and enterococci, Clostridium perfringens, Bacteroides spp., and Bifidobacterium 
spp. (Carrero-Colon, Wickham, and Turco, 2011). The coliform bacteria and fecal 
streptococci are the most commonly used traditional fecal indicators; they are facultative 
bacteria that are able to persist and even grow in aerobic environments as well as anaerobic 
ones. The alternative fecal indicators, Clostridium, Bacteroides, and Bifidobacterium are not 
inferior indicators to the coliforms, but they are anaerobic bacteria, which may impose a 
laboratory constraint, and because they have not been used uniformly as indicators, there is a 
lack of common methodology. Each of these indicators have their strengths as well as their 
weaknesses, which are described below. In addition to these bacteria, other organisms, such as 
viruses, and even metabolic chemicals can be used as fecal indicators, although these are 
usually not used as primary indicators, but as part of a tiered monitoring system (Ashbolt et 
al., 2007). 
 
Coliform and fecal coliform bacteria are by far the most commonly used aquatic 
contamination indicators. Coliform bacteria are defined as gram negative, non-spore forming 
facultative rods that ferment lactose with production of acid and gas under optimal 
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temperature of 30-39°C (Eaton and Franson, 2005). While most coliform bacteria originate in 
the feces, some do not, and so a subcategory of exclusively fecal coliform bacteria is 
considered a better indicator for fecal pollution. Fecal coliforms have all the same 
characteristics of regular coliform bacteria, with the addition of being tolerant to bile salts and 
capable of growth at 44°C (Eaton and Franson, 2005). Within the fecal coliform group there 
are bacteria (Citrobacter, Klebsiella, Enterobacter) that can be naturally present in the soil or 
water, sometimes in great quantities, and which do not necessarily originate from feces 
(Carrero-Colon, Wickham, and Turco, 2011). It has been proposed that the ratio of total 
coliforms to fecal coliforms can potentially be indicative as to whether the pollution is of 
animal or human origin, but several studies have also concluded that it is not a reliable 
method (e.g., Carrero-Colon, Wickham, and Turco, 2011). Besides the fact that several 
members of the coliform group can be of non-fecal origin, the coliforms can also persist and 
grow as a biofilm in the environment, especially inside pipes and water storage tanks, giving 
false positive results long after any fecal contamination is gone (Edberg et al., 2000). 
 
Because bacteria of non-fecal origin can exhibit the same characteristics as fecal coliforms, 
testing specifically for Escherichia coli has in many cases replaced testing for the fecal 
coliform group (Edberg et al., 2000). E. coli is a common intestinal bacterium carried by 
warm blooded animals, but also by various reptiles, such as Komodo dragons, various turtles, 
crocodiles, iguanas, as well as some fish, although at lower quantities than mammals (Yost  et 
al., 2011). In mammalian feces, E. coli can make up 1% of total bacterial biomass, reaching 
as high as 109 cells per gram of feces (Carrero-Colon, Wickham, and Turco, 2011). However, 
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E. coli exhibits similar problems to other coliforms and in fact, most indicator organisms – 
they tend to persist in the nature after the fecal pollution source was removed, and sometimes 
even multiply in the water. This is especially problematic in warm tropical and subtropical 
water systems, and in waters with high nutrient loads. For example, depending on other 
environmental factors such as UV radiation, pH, and the presence of grazing organisms, E. 
coli has been shown to survive for up to 12 weeks in the 15-18°C water (Edberg et al., 2000).  
 
Fecal streptococci are another group of common indicator organisms. Most streptococci that 
are associated with the enteric tract and feces have been re-classified as enterococci, and these 
are also by far more common fecal bacteria in the environment than streptococci sensu stricto 
(Pinto et al., 1999). The official distinction between the two states is that while the 
streptococci occur in the digestive systems of humans and other warm-blooded animals, the 
enterococci are mainly found only in human digestive system, and thus can be more reliable 
when detecting the contamination with human feces (United States Environmental Protection 
Agency, 2012). Enterococci can also survive in saline water, which makes them a great group 
of organisms to detect fecal contamination of beaches. Fecal streptococci once were 
monitored together with coliform bacteria to obtain their abundance ratio. This ratio was 
reported to indicate whether the contamination was predominantly of human or animal origin; 
however, it is no longer consider a reliable test as the streptococci persist in the environment 
longer than the coliforms (United States Environmental Protection Agency, 2012). This 
ability to persist in the environment, especially if other planktonic cells and detritus, is present 
in high concentration, is also the major limitation for enterococci as indicator organisms 
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(Mote, Turner and Lipp, 2012). However, unlike coliform bacteria, enterococci generally do 
not multiply in the environment, which makes them more reliable indicators of current 
contamination than coliforms (Carrero-Colon, Wickham, and Turco, 2011). The species of 
enterococci associated with human fecal contamination are Enterococcus faecalis (>30% of 
all enterococci detected) and Enterococcus faecium (~18%); however, two enterococcus 
species, E. casseliflavus and E. mundtii, that can make up a third of all the enterococci in the 
water, are actually plant and soil associated bacteria and are not usually found in the enteric 
tract (Mote, Turner and Lipp, 2012).  
 
Clostridium perfringens is a gram positive, anaerobic, non-motile spore-forming rod that is 
commonly found in the gastrointestinal tract of humans and animals, but also found in soil 
(Carrero-Colon, Wickham, and Turco, 2011). C. perfringens can also cause various diseases, 
from food poisoning to gas gangrene, depending on the phylotype and the tissue it afflicts 
(Petit, Gibert, and Popoff, 1999). The definite benefit for using C. perfringens as an indicator 
is that even though it does persist in the aquatic environment, it does not grow there, and the 
detection of fecal contamination (as well as how much time might have passed since the fecal 
contamination occurred) is done by determining at the ratio of spores to vegetative cells. 
Clostridium perfringens has been commonly used as the indicator organism in Europe, but 
because there is a lack of common guidelines it has not been used widely as a primary 
indicator organism (Ashbolt et al., 2007). It has been suggested that because the spores can 
persist in the environment for years, it could make an excellent indicator for groundwater 
pollution (Edberg et al., 2000). 
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The genus Bacteroides are Gram negative, strictly anaerobic bacilli that are the most 
numerous intestinal bacteria of humans and other warm blooded animals (Ashbolt et al., 
2007). In the human gut, Bacteroides are present in much greater numbers than E. coli and 
other coliforms, accounting for up to 30-40% of total fecal bacteria and about 10% of fecal 
mass (Layton et al., 2006). There are several advantages of using Bacteroides as an indicator. 
First, because it is strictly anaerobic (and only mildly aerotolerant) organism, it cannot persist 
in freshwater (Carrero-Colon, Wickham, and Turco, 2011), although more studies are needed 
to assess its survival in anaerobic groundwater and sediments (Ashbolt et al., 2007). The 
second advantage is that there is a clear distinction between the Bacteroides species found in 
humans and in cattle, making the source tracking easier (Gawler et al., 2007). The 
disadvantage of this organism is its testing methodology – Bacteroides is detected mainly 
through serological and molecular methods, and while the organism itself cannot survive the 
aerobic conditions in the water, both the DNA and the antigens can persist in the environment 
for a long time (Carrero-Colon, Wickham, and Turco, 2011).  
 
In 1980s, Bifidobacterium was proposed as another fecal indicator. Bifidobacterium is one of 
the more numerous bacteria in the human gut; it is a Gram positive, non spore-forming, 
strictly anaerobic branching rod (Carrero-Colon, Wickham, and Turco, 2011). Unlike other 
indicator organisms – the coliforms, enterococci, Bacteroides and Clostridium perfringens, 
Bifidobacterium is not a human pathogen. Rather, the various bifidobacteria are considered to 
be probiotic bacteria due to their ability to inhibit various enteric pathogens by secretion of an 
antimicrobial agent bifidocin B, a bacteriocin, which inhibits the growth of other organisms 
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by depleting their surroundings of iron, and by secreting various vitamins into their 
environment (Carrero-Colon, Wickham, and Turco, 2011). The growth requirements of the 
bifidobacteria are complex and specific, requiring various growth factors, minerals and 
vitamins, and they do not grow well below 30°C (Nebra, Bonjoch, and Blanch, 2003). This 
prevents bifidobacteria from persisting in the environment. Many species of bifidobacteria are 
also specific to humans while others are exclusively found in the guts of various animals, 
making the source tracking possible (Balleste and Blanch, 2011). In Europe, bifidobacteria 
have been used to track the fecal contamination in foods, especially by the dairy industry 
(Delcenserie et al., 2011). The only shortcoming to using bifidobacteria as indicators is 
technical. The detection methods are mainly molecular, rather than culture based, adding to 
the time and cost of water testing.  
 
Since the Yucatan aquifer is in danger of sewage pollution and as the test for presence of fecal 
coliform bacteria is relatively simple, these indicator bacteria have been frequently tested in 
the groundwater throughout the peninsula. In the early 1990s, the British Geological Survey 
tested the groundwater in the northern city of Merida, showing that fecal coliform bacteria 
were present throughout the aquifer, including the drinking water supply wells, and that the 
bacteria were present in greater numbers (occasionally over 1000/100 ml) during the rainy 
season (British Geological Survey et al., 1995). A follow-up survey looked at the 
groundwater quality in the areas surrounding Merida in late 1990s, and concluded that the 
groundwater quality in the rural areas was even worse, with the fecal coliform counts varying 
between 7,320 and 12,989 MPN/100 ml (Pacheco, Cabera and Marin, 2000). A study looking 
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at the groundwater quality in the wells and beaches of the Caribbean coast of the peninsula 
also found high levels of fecal coliforms in the wells and the submarine groundwater 
discharge springs, although the amount of bacteria present was highly variable, suggesting 
that the pollution is due to small local contamination sources rather than one big regional 
source (Hernández-Terrones et al., 2010). 
 
Specific Groups of Interest: Bacteria Significant in Wastewater Treatment 
 
Microorganisms have a significant role to play in the secondary and tertiary steps of 
wastewater treatment. In the case of secondary treatment, microbes (mainly bacteria, 
protozoans and algae) will reduce the organic carbon content of the sewage and perform 
nitrification (NH3 to NO3). In the case of tertiary treatment, the role of microbes is mainly in 
the further removal of organic carbon, nitrogen and phosphorus, which can contribute to 
eutrophication. Since the groundwater of Yucatan Peninsula is experiencing impact from both 
secondary-treated disinfected sewage effluent (injection wells) as well as septic tank 
overflow, bacteria that are associated with both secondary and tertiary treatment should 
receive attention to assess the potential of groundwater microbial communities to reduce the 
sewage-associated nutrient load. 
 
Nitrogen is present in the sewage as ammonia, or as urea, which is converted into ammonia 
(Wagner and Loy, 2002). Nitrogen removal from the effluent includes two steps – the 
nitrification step (NH3 to NO3), and the denitrification step (NO3 to N2). Bacterial nitrification 
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is an aerobic process that consists of two steps: the oxidation of ammonia to nitrite using 
ammonia monooxygenase and hydroxylamine oxidoreductase, and the oxidation of nitrite to 
nitrate using nitrite oxidoreductase (Prosser, 1989). Since the optimal conditions for the 
nitrifying bacteria include neutral pH in mesophilic temperature range, the freshwater layer of 
the cenotes and caves would support an active nitrification process. However, since 
nitrification is inhibited by light (Prosser, 1989), it is unlikely that nitrification would be 
significant in the cenotes with high light input. 
 
Most nitrifying bacteria are slow-growing autotrophs (Wagner and Loy, 2002), although there 
are several strains of heterotrophic nitrifyers as well, including various species of 
Pseudomonas, Alcaligenes, and Flavobacter (Castignetti and Hollocher, 1984). Autotrophic 
nitrifying bacteria that oxidize ammonia to nitrite include Nitrosomonas, Nitrosococcus, 
Nitrosospira, Nitrosovibrio, and Nitrosolobus; bacteria that oxidize nitrite to nitrate include 
Nitrobacter, Nitrococcus, Nitrospina, and Nitrospira (Gerardi, 2002). With the exception of 
Nitrospira, all these bacteria belong to phylum Proteobacteria. Nitrification can also be 
performed anaerobically by members of Planktomycetes, such as Candidatus Brocadia 
anammoxidans and Candidatus Kuenenia stuttgartiensis (freshwater species), and Candidatus 
Scalindua sorokinii (marine). In these bacteria, nitrification, which happens in a specialized 
compartment called anammoxosome, is coupled with denitrification, which makes them a 
rather attractive alternative in some wastewater treatment settings (Jetten et al., 2003).  
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The second part in the process of nitrogen removal from the wastewater is denitrification. In 
this case, nitrate (NO3) is reduced into diatomic nitrogen (N2). This process is also called 
dissimilatory nitrate reduction or nitrate respiration, and is relatively common among the 
bacteria and archaea (Wagner and Loy, 2002). The end product of nitrate reduction depends 
on the enzymes present in particular bacteria: some will only reduce nitrate to nitrite using the 
enzyme nitrate reductase, whereas others will reduce nitrite to nitric oxide (NO), nitrous oxide 
(N2O), and finally to nitrogen gas. There are also bacteria that reduce nitrate back to 
ammonia, although this process is not very common. Heterotrophic denitrifying genera 
include Achromobacter, Agrobacterium, Alcaligenes, Bacillus, Chromobacterium, 
Flavobacterium, Hyphomicrobium, Pasteurella, Pseudomonas, and Vibrio spp., although 
some strains of these perform complete denitrification (NO3 to N2), while others will perform 
incomplete denitrification, reducing the nitrate to nitrite (Drysdale, Kasan, and Bux, 1999). 
There are also various autotrophic denitrifying bacteria, such as Paracoccus denitrificans 
(formerly Thiosphaera pantotropha) (Ludwig, Mittenhuber, and Friedrich, 1993), and the 
sulfur oxidizing Alpha Proteobacterium Thiobacillus denitrificans (Claus and Kutzner, 1985). 
 
While nitrate reduction is a relatively common process in nature, the mere presence of 
denitrifying bacteria is not a guarantee that denitrification is taking place; nitrogen respiration 
is an anaerobic process, and facultative bacteria will switch back to oxygen-based respiration 
under aerobic conditions. Therefore it is unwise to rely merely on the DNA sequencing data 
to draw conclusions, but these data must be coupled with other parameters, such as whether 
the geochemical conditions are supportive of denitrification. Transcriptome analysis of the 
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nitrate reductase genes (nirS and nirK) would also offer a better assessment  as to whether and 
to what extent the denitrification is happening in a given environment (Wagner and Loy, 
2002).  
 
Another nutrient that needs monitoring in aquatic ecosystems is phosphorus. Phosphorus is 
one of the limiting nutrients in natural water systems, and an excess of it can cause 
eutrophication. In waterways with high light input, excess phosphorus even without excess 
nitrogen can stimulate harmful cyanobacterial blooms because cyanobacteria are diazotrophs 
and fix their own nitrogen (Paerl, 2000). In wastewater treatment, enhanced biological 
phosphorus removal from the effluent is done by polyphosphate accumulating organisms 
(PAO). These bacteria take up phosphorus under aerobic conditions and store it in the cell as 
polyphosphates (Wagner and Loy, 2002). Under anaerobic conditions, these organisms can 
also take up organic carbon compounds, such as acetate, and store them intracellularly in 
polymeric form, mainly as poly-b-hydroxyalkanoates (PHAs) (Oehmen et al., 2007). 
Phosphorus uptake can also happen under anaerobic conditions by facultative bacteria, such 
as Rhodocyclus, that can switch between oxygen and nitrate respirations (Kong, Nielsen and 
Nielsen, 2005). In this case, phosphorus and nitrate removal happen at the same time. 
 
Occasionally the enhanced biological phosphorus removal at wastewater treatment plants is 
disrupted, either because of environmental processes (excessive rainfall, too high nitrogen 
load, nutrient limitations), or because the PAO are outcompeted by another group of 
organisms, usually during the anaerobic phase. These bacteria, called glycogen accumulating 
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organisms (GAO), many of which occur characteristically in tetrad arrangements in the sludge 
and take up carbohydrates, turning them into glycogen instead of polyphosphate (Wagner and 
Loy, 2002). The competition between the PAO and the GAO is dependent on the carbon 
source, pH, and temperature, where acetate and propionate as carbon sources, higher pH 
(7.25-8.5), and lower temperature (< 20°C) favor the organisms involved with phosphate 
removal (Oehmen et al., 2007). However, recent studies have shown that organic carbon 
overload, even when the carbon source is the PAO-preferred acetate, will also overwhelm the 
system favoring the GAOs instead (Tu and Schuler, 2013).  
Most of the phosphorus removing organisms that have been isolated from the sewage 
treatment plants have only been identified using FISH tags and characterized by sequencing 
data, and not cultivated in the lab. However, various known bacteria have been shown to have 
efficient phosphate uptake capacity, such as Acinetobacter junii (Gamma Proteobacteria) 
(Doughari et al., 2011) and Pseudomonas putida strain GM6 (Gamma Proteobacteria) (Cai et 
al., 2007). The most common and numerous orthophosphate removing candidatus organisms 
isolated from treatment plants are Tetrasphaera (Actinobacteria), and Accumulibacter 
phosphatis (Beta Proteobacteria) (Kong, Nielsen and Nielsen, 2005; Wagner and Loy, 2002). 
The competing GAOs include several bacteria from class Alpha Proteobacteria 
(Defluvicoccus, Amaricoccus), Beta Proteobacteria (Quadricoccus), and Gamma 
Proteobacteria (Competibacter) (Oehmen et al., 2007). 
 
Several studies have looked at nutrient distribution in the groundwater of Yucatan Peninsula. 
Recently Hernández-Terrones et al. (2010) looked at the nutrient concentration gradient from 
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the drinking water wells near the east coast of the peninsula through mangroves, beach water, 
submarine springs and the open ocean. The drinking water wells had considerable higher 
concentrations of total nitrogen than the other sites, averaging above 20 mg/l, and especially 
high nitrate levels at 16.67mg/l. The US EPA aquatic health recommendations for total 
nitrogen in similar ecoregions (i.e. southern Florida) is 1.27 mg/l, and the drinking water 
guidelines call for nitrate levels no higher than 10 mg/l (United States Environmental 
Protection Agency, 2013). High total nitrogen is common for Yucatan groundwater where 
nitrate levels have been measured over 50 mg/l and where methhemoglobinemia (“blue baby 
syndrome”) is a common problem, especially in the rural areas (Pacheco and Cabrera, 1997). 
Phosphate levels from the Hernández-Terrones 2010 study peaked in the mangroves, which is 
expected, because of the anoxic, reducing conditions in the mangrove swamps that 
accumulate a lot of organic material. The total N:P ratio in the groundwater was unusually 
high, 69.9 in the wells, 30.2 in the open sea and 25.5 in the beach; the expected Redfield ratio 
(the average ratio of nitrogen to phosphorus in phytoplankton) is around 16 (Hernández-
Terrones 2010). However, this ratio is not all that unusual in the karst terrain, where carbonate 
rocks and sediments take up and retain phosphates (McGlathery, Marino and Howarth, 1994). 
Based on these data, microbes dealing with the reduction of both nitrogen and phosphorus 
loads will be common in the Yucatan aquifer, although their relative abundance will likely 
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Specific Groups of Interest: Cyanobacteria 
 
Cyanobacteria are a major phylum of photosynthetic bacteria, which unlike the purple and 
green sulfur bacteria, are oxygenic. The ability to use H2O as a terminal electron acceptor and 
release free oxygen caused the reducing atmosphere of the early history of the Earth to be 
transformed into the current oxidizing atmosphere around 2.5 billion years ago (Fay, 1992). 
The photosynthesis of cyanobacteria is similar to plants with distinct photosystem I and 
photosystem II. The light harvesting pigments (phycobiliproteins, such as phycocyanin, that 
gives cyanobacteria their characteristic blue-green color) are organized into phycobilisomes; 
the energy is then transferred to chlorophyll a (Fay, 1983). Most cyanobacteria do not possess 
chlorophyll b, except for the marine Prochlorophytes, that lack phycobilisomes, but do 
possess both chlorophylls a and b (Palenik and Haselkorn, 1992). In addition to chlorophylls 
and phycobiliproteins, cyanobacteria also possess various carotenoid pigments (Fay, 1983). 
All these photosynthetic pigments are incorporated or attached to intracellular thylakoid 
membranes. Interestingly, some cyanobacteria (i.e. species in genera Microcoleus and 
Oscillatoria) can also perform anoxygenic photosynthesis, using H2 or H2S as their electron 
donor, and thus contribute to the sulfur cycle (Jørgensen, Cohen and Revsbech, 1986; Cohen, 
Padan and Chilo, 1975). 
 
In addition to producing a large amount of atmospheric oxygen, cyanobacteria are also a 
major lineage of bacteria that can fix diatomic nitrogen. Because the enzyme nitrogenase that 
converts N2 to NH3 is rapidly and permanently inhibited by oxygen, this process in many 
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cyanobacteria takes place in specialized cells called heterocysts which have layered walls 
with low oxygen permeability to enhance anaerobic conditions, and which have lost their 
thylakoid membranes, and thus can no longer perform photosynthesis (Fay, 1992). Non-
filamentous cyanobacteria have to use other means, such as decreased oxygen concentration 
in selected areas within microbial mats, colonies, or bundles, or be restricted to live in 
anaerobic/microaerophilic habitats (Fay, 1983). In addition to cyanobacteria, various other 
bacterial lineages are capable of nitrogen fixation. This is especially common among aquatic 
anoxygenic photosynthetic bacteria (i.e. all known purple non-sulfur bacteria can fix nitrogen) 
that by their preferential anoxic habitat are well-suited for nitrogenase activity (Madigan, 
2004). 
 
Cyanobacteria are diverse in their habitats that include freshwater, marine, and terrestrial 
environments, and many cyanobacteria live in symbiotic relationships with plants, fungi and 
algae (Fay, 1992). Although cyanobacterial blooms in aquatic habitats are well-documented, 
the question to what extent they can be used as indicators for change in water quality remains 
to be determined, and mainly depends on the particular environment. In freshwater habitats, 
the blooms are mainly associated with the availability of light, temperature, and surface 
disturbance, such as the wind, and not all the species respond the same to these factors (Oliver 
and Ganf, 2000). While marine cyanobacterial blooms have been associated with fluctuation 
in nutrient availability, these booms themselves contribute significantly to the available 
organic carbon and nitrogen because cyanobacteria are primary producers. In fact, because 
cyanobacteria (as N2 fixers) have a definite advantage in nitrogen-deficient waters, 
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phosphorus is the limiting nutrient that seems to contribute most to the cyanobacterial blooms 
(Paerl, 2000).  
 
The main problem with cyanobacterial blooms are various nuisance species that result not 
only in unsightly overgrown habitat and imbalance of the species composition and nutrient 
availability, but also release of various toxins. Since these nuisance blooms are associated 
almost exclusively with inland and near-shore habitats, these toxins will have a direct effect 
on    humans and livestock (Paerl, 1988). Toxin production is mainly associated with a 
handful of common taxa, including Microcystis, Anabaena, Aphanizomenon, Lyngbya, 
Oscillatoria, and Nostoc (Dow and Swoboda, 2000). These nuisance blooms are especially 
problematic in areas that rely on open water as their source of drinking water, or areas that 
rely on tourism income from recreational water usage. Although most of the toxins are 
removed by conventional drinking water treatment methods, rural and underdeveloped areas 
that lack adequate water processing are affected by this problem (Dow and Swoboda, 2000). 
To date, attempts to manage the blooms that have already formed have usually not been 
successful; the current focus is on preventing, detecting, and mitigating the effects of 
potentially dangerous cyanobacterial blooms (Drabokova and Marsalek, 2007; Dow and 
Swoboda, 2000). 
 
In the cenotes where the water temperature does not fluctuate much seasonally and the wind is 
often not an issue in the partially covered sinkholes, the general absence of iron is the main 
limiting condition for cyanobacteria. Yet, while iron deficiency is characteristic for all 
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Yucatan groundwater, some cenotes, for yet unknown reasons, never develop cyanobacterial 
blooms, while others show heavy turbidity and growth during the hot rainy season. This 
heavy turbidity is characteristic of well-mixed waters where the temperature remains 
relatively constant throughout the water column, and the growth is generally caused by 
cyanobacteria such as Oscillatoria (Oliver and Ganf, 2000). The extent of cyanobacterial 
presence in the cenotes has been assessed as part of other phytoplankton. A study looking at 
five coastal cenotes identified eleven cyanobacteria, all freshwater species, two of which 
(Oscillatoria limosa and Lyngbya sp.) have been associated with blooms (Sanchez et al., 
2002). A recent study looked at the cyanobacterial composition in a small, shallow coastal 
lake, Lagartos, near the Caribbean coast, and found a rich cyanobacterial community that was 
dominated by Microcystis and Oscillatoria spp (Valadez et al., 2013). These findings indicate 
that the potential for harmful cyanobacterial blooms in the waterways of the peninsula is quite 
possible, and that the importance of monitoring cyanobacterial communities throughout the 
peninsula should not be underestimated. 
  
Specific Groups of Interest: Diatoms 
 
The cenotes and the coastal water of Yucatan Peninsula are also rich in diatoms. Diatoms are 
unicellular micro eukaryotes that belong to Bacillariophyta. In many environments, diatoms 
make up a large portion of phytoplankton. Most diatoms are photoautotrophic, using 
chlorophyll a and c together with various carotenoids as photosynthetic pigments (Hasle and 
Syvertsen, 1997); however, some diatoms are obligate or facultative heterotrophs capable of 
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utilizing a wide variety of organic carbon sources, which allows them to grow in the absence 
of light and be metabolically active in the sediment, not just the water column (Tuchman et 
al., 2006). Unlike bacteria, diatoms can be identified at least on family level based on the 
unique diversity of morphological characteristics (Spaulding, Lubinski, and Potapova, 2010). 
This makes diatoms more applicable for diversity studies and as water quality indicators in 
developing parts of the world, where expensive molecular methods for bacterial identification 
may not be accessible. 
 
Much like cyanobacteria, diatoms also form blooms in water bodies, although these blooms 
do not coincide with cyanobacterial blooms due to different growth requirements (Oliver and 
Ganf, 2000). Because diatom growth is particular to the water chemistry (temperature, pH, 
salinity, organic nutrient concentration, etc.), they can make an excellent indicator organism 
for water quality (Spaulding, Lubinski, and Potapova, 2010). Diatoms also usually occur in 
species-rich assemblages of hundreds or more species, providing a lot of information about a 
particular site, and, as primary producers, respond to the changes rapidly, all of which make 
the diatoms a useful source for water quality assessment (Hall and Smol, 2010). For example, 
diatoms have been widely used to monitor the pH of the lakes and the subsequent recovery of 
acidified surface waters following the impact of acid rain (Battarbee et al., 2010), past and 
present eutrophication events (Hall and Smol, 2010), impact from land use change (Bennion 
et al., 2010), water level change (Wolin and Stone, 2010), and many other disturbance events. 
Diatoms have also been used as indicators for specific anthropogenic pollution, such as 
sewage, although this seems to work better for near-coastal saline and brackish estuarine 
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water than freshwater (Trobajo and Sullivan 2010). Several countries, including the European 
Union have developed official guidelines for using diatoms as pollution indicators (Kelly et 
al., 1998).  
 
Basic surveys have been performed to assess diatom diversity in the cenotes and in the coastal 
marine waters of Yucatan Peninsula. Numerous studies to assess diatom species richness and 
density in the Gulf of Mexico were done in the middle of 20th century, and these reported the 
highest diversity of planktonic and benthic diatoms near the peninsula (Guillard and Kilham, 
1977). More specific studies looking at the diatoms of coastal habitats of Yucatan Peninsula 
have also found a great diversity of these organisms both in the Caribbean coast and the Gulf 
of Mexico. A study done by Ghinaglia, Herrera-Silveira and Comin (2004) that looked at the 
abundance of phytoplankton (diatoms, dinoflagellates and cyanobacteria) found that of the 
159 species identified, 75-90% were diatoms, which also constituted 80% of the biomass. 
Much lower numbers of diatom species have been recorded from the cenotes (mainly 
freshwater) than from the marine environments. A review of the biota by Schmitter-Soto et al. 
(2002) report 41 species of diatoms being recorded in the cenotes. A study comparing the 
phytoplankton composition in five cenotes and two caves through dry and rainy seasons finds 
59 species of diatoms, many of them of marine origin (Sanchez et al., 2002). The latter can be 
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Genomic Potential of the Community 
 
Looking at the microbial communities solely from the perspective of their phylogenetic 
identity can tell a lot about the community, but it can hardly be considered sufficient if the 
goal is to characterize its full potential. There are several reasons why this kind of analysis, 
based usually on the identities from the 16s ribosomal rRNA genes or gene fragments, cannot 
tell the whole story. First, the microbes in the environment are constantly undergoing 
horizontal gene transfer and recombination, acquiring genes and pathways from other bacteria 
and archaea. This is important in the case when the genes are acquired from transient 
microorganisms that are no longer present in the given environment, but whose genes still 
persist in the community. The second reason is that many microbes identified solely by their 
ribosomal gene sequence have not been fully characterized – genetically or metabolically – 
and thus their true potential is unknown. Therefore the genomic potential of the community 
can only be assessed by looking at the specific genes and pathways regardless of their 
phylogenetic origin. 
 
The pathways and genes of interest are chosen based on processes and genomic capacities 
relevant to the particular environment. For example, one of the important processes Yucatan 
groundwater is sulfur cycling. The pathway for dissimilatory sulfate reduction includes 
sulfide activation by ATP sulfurylase, the concurrent adenosine phosphosulfate reduction to 
sulfite by APS reductase, and the final reduction step by dissimilatory sulfate reductase to 
form sulfide. Therefore in the sites where sulfur cycling is more prevalent, the abundance of 
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these functional genes (i.e. drsA, aprA) should also be higher. This kind of relative proportion 
of the genes is also indicative of the relative importance of these processes in the given 
environment (Delmont et al., 2011). In the fragile groundwater ecosystem of Yucatan 
Peninsula, the dynamics of sulfur and nitrogen cycles as well as phosphorus metabolism are 
of specific interest. Because the groundwater is essentially devoid of any metals, especially 
iron, the dynamics of iron acquisition genes are also relevant. 
 
In addition to the nutrient cycles, other genomic potential interests in Yucatan groundwater 
including defense against toxic compounds and antibiotics. Because of the lack of large scale 
industrial pollution in the area, the toxic compounds are usually human-associated. This 
problem is especially acute in densely populated areas and areas of high tourist activity where 
large amounts of household chemicals, cosmetics and pharmaceuticals will enter the sewage 
system. Because many of these small compounds are not removed in sewage treatment plants, 
they will end up in the groundwater. This kind of sub-therapeutic presence of pharmaceuticals 
will put a pressure on the microbes to acquire the resistance genes, and has been shown to 
enhance microbial resistance to these compounds in aquatic environments (Salyers, 2002). In 
addition to chemicals, human-associated microbes from tourists all over the world carrying 
different antibiotic resistance genes will also enter the sewage system. While the organisms 
can be killed by chlorination before the secondary treated effluent is released into the 
environment, their DNA can persist in the nature for a while (Romanowski et al., 1992), 
increasing the chance of the DNA uptake by native microbes. To date there is not enough 
information to assess the significance and impact of the antibiotic resistant bacteria on the 
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groundwater ecosystems (Kümmerer, 2009). However, the input of antibiotics and other 
chemotherapeutics into groundwater that is the only drinking water reservoir for the region 
will further degrade the water quality and is not beneficial to human health, especially in 
places that lack sufficient water purification systems.  
 
Methods of Studying Environmental Microbial Communities 
 
While the traditional, culture-based microbiology methods can offer invaluable information 
about microbes, these methods cannot be used to study environmental microbial communities 
for many reasons. First, most microbes cannot be cultured under laboratory conditions. For 
example, Amann et al. (1995, and the references therein) estimate that only 0.25% of 
freshwater microbes are culturable, and in the seawater, the estimated fraction is even smaller, 
ranging from 0.1 to 0.001%. Second, even for populations that can be cultured, these methods 
can introduce various biases, because the growth rates and requirements of bacteria in mixed 
populations are highly variable. Therefore, to avoid these issues, molecular techniques are 
better suited for microbial community analysis. There are numerous molecular methods for 
analyzing environmental microbial communities that range from quantitative PCR analysis to 
large-scale metagenomic sequencing projects.  
 
Metagenomics is a DNA-based analysis of microbial communities that allows relatively 
unbiased analysis of both culturable and unculturable microorganisms from any 
environmental sample (Sabree et al., 2009). The metagenomic approach has permitted 
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scientists to look into the composition of such previously unreachable communities in ocean 
sediments, even in the deepest place on Earth, the Mariana trench (Martín-Cuadrado et al., 
2007), or bacteria trapped in hundreds of thousands year old ice or isolated lakes in Antarctica 
(Murray and Grzymski, 2007) from which culturing would be almost impossible. Great 
advances have also been made in diversity studies from more contemporary communities 
such as soil (Brofft et al., 2002, Allen et al., 2008) the marine environments (Venter et al., 
2004), or wastewater (Ito et al., 2004; Okabe et al., 2005) that influence our everyday life but 
whose true diversity has been unreachable until the technology became available in the past 
30 years.  
 
In the past the assessment of phylogenetic diversity of microbial communities was done with 
cloning-based techniques, but these methods can also introduce several biases (PCR bias, 
cloning bias), and are time consuming and expensive. The PCR bias includes priming site 
incompatibility, which would be an issue for unknown organisms. The cloning bias can arise 
when the cloned DNA fragment of the target organism is incompatible with the cloning host. 
The advances in molecular technology in the past several years now allow bypassing most of 
these problems. For example, sequencing by synthesis methods, such as Illumina, are free of 
cloning bias, which distorts the real diversity in the environment (Huson et al., 2007). The 
latest developments in this technology include longer reads of up to 2x250 bp (Illumina, Inc., 
2013), more efficient and user-friendly analyzing software, and the growing number of 
accessions in the national databases which have made Illumina technology perhaps the best-
suited for large-scale metagenomic projects (Mitra et al., 2010, Caporaso et al., 2010).  
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Community diversity can be assessed either by looking at a genomic anchor, or by looking at 
the functional genes and pathways. Historically (since it was proposed by Carl Woese in late 
1970s), 16S rRNA as the universal genomic anchor has been used to assess the diversity of 
the sample (Pace, 1997). These days, 16S rRNA-based phylogeny has become a standard in 
microbial systematics, and multiple ribosomal databases exist (i.e. Greengenes, Silva, RDP 
II), allowing a relatively rapid and easy comparison of the sequencing data. Alternatively, 
phylogeny based on specific functional genes can be used (i.e. genes involved in sulfate 
reduction or nitrification), which allows tracking the spread and evolution of these particular 
abilities (Riesenfield et al., 2004). Various software options are available for easy analysis 
and visualization of these sequencing data, such as QIIME (Quantitative Insights Into 
Microbial Ecology) (Caporaso et al., 2010).  
 
True metagenomic analysis involves looking at all the DNA from the given community, not 
just selected anchor genes. Although the amount of data will be several orders of magnitude 
greater (increasing the sequencing costs, analysis time, and data storage requirements), this 
type of analysis allows for looking at both phylogenetic diversity as well as the functional 
dynamics present in the given community. The main limitations of full-scale metagenomic 
projects used to be the expense and the excessive manual workload required to assure 
sufficient sampling depth, although these problems have been overcome by the availability of 
high-throughput, low cost next-generation sequencing. These days, the main issues that 
metagenomics and any large-scale sequencing projects face are the data analysis and storage 
limitations. New in-depth sequencing methods can produce billions of sequences per sample, 
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and the estimated minimum amount of sample to ensure sufficient coverage is around 7 Gb 
(Caporaso et al., 2012; Ni, Yan and Yu, 2013). That means the computational needs are going 
to be intense, and because most metagenomic projects will look at and compare several 
datasets, the eventual storage needs may well reach into terabytes. Thankfully, open source 
servers designed specifically towards metagenome annotation have helped to solve some of 
these problems. For example, freely available and fully automated software, such as MG-
RAST allow an in-depth look at the genes and pathways from metagenome and the easy 
comparison of the metagenomes from different environments (Meyer et al., 2008). 
 
As the technology for microbial community sequencing and analysis becomes more freely 
available across the globe, the important issue to overcome is to assure the comparability of 
the results. Several large-scale projects such as the Earth Microbiome Project (all 
environments on the Earth) or TerraGenome Project (soil microbiomes) are taking a 
systematic approaches to establish consensus protocols for data acquisition and analysis. The 
sample collection, sequencing, and analysis of this project have been conducted according to 
the Earth Microbiome Project, and the results will be made available through their data portal 
(Gilbert et al., 2010). This allows comparing the results from the tropical groundwater of 
Yucatan Peninsula to other groundwater sites throughout the world, and can offer insights to 
areas experiencing similar problems with groundwater contamination. 
 
Finally, it is also important to note that comprehensive answers about microbial communities 
and their interactions with the environment cannot be obtained by looking at the microbial 
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communities from just one aspect using just one method, but rather different methods need to 
be coupled across disciplines (biology, geology, chemistry, etc.). This is why the 
characterization of the Yucatan groundwater microbial communities has involved years of 
collaboration between geochemistry and hydrogeology researchers, and now detailed 
phylogenetic and metagenomic analyses will help to answer questions regarding these unique 
and fragile environments. 
 
The Goals of This Study 
 
The overall goal of this study is to characterize the indigenous microbial communities in the 
groundwater of the Yucatan Peninsula. The focus is on four aspects: the composition and 
phylogenetic diversity of the communities, the genomic potential of the communities, the 
response of the microbial communities to the change in geochemistry due to addition of 
minerals into the groundwater, and the change of geochemistry on the mineral surfaces that is 
mediated by microbes. Together these aspects will help to form a more comprehensive 
understanding of the microbial communities, their potential role in dealing with human-
induced pollution, and their overall contribution to the surrounding environment through the 
change of geochemistry of the groundwater. 
 
 
	   	   	   	   	   	   	   	  
CHAPTER II 
 
PHYLOGENETIC AND METAGENOMIC ANALYSIS OF THE NATIVE 





Phylogenetic and metagenomic composition of the microbial communities in selected karst 
groundwater sites in Yucatan Peninsula, Mexico was assessed to determine which 
environmental variables most influence the microbial diversity and the distribution of specific 
metabolic functions. Three karst sinkholes that penetrate through all layers of groundwater, 
and an abandoned drinking water well of an ocean-side resort were sampled at fresh, saline, 
and fresh-saline water interface during the dry and rainy seasons. The analysis showed an 
overall high microbial diversity, which was highest at sites with anthropogenic influence. The 
site that received high amount of sunlight had a significantly different microbiome than 
others, but also the lowest overall diversity. Sulfur and nitrogen cycling microbes were 
present in diverse communities throughout the sites. Fecal bacteria, which are the main threat 
to the groundwater in the Yucatan Peninsula, were also significantly more prevalent at the 




the problem is most acute in the densely populated tourist areas. Antibiotic and heavy metal 
resistance is also relatively prevalent throughout the sites. Overall, highly diverse microbial 
communities are present in the Yucatan groundwater, sustained by permanently warm 




Yucatan Peninsula, Mexico, lacks streaming surface water, and is completely dependent on 
groundwater for its freshwater needs. At the same time, the aquifer is also extremely 
vulnerable to pollution due to the specific geological settings and explosively grown 
population, which lacks adequate sewage treatment and disposal options. As a result, the fresh 
groundwater in most parts of the peninsula is now unsuitable for human consumption without 
expensive treatment, which is not available or affordable for many people outside the 
expensive tourist resorts.  
 
The geological features that contribute to the vulnerability of the aquifer are the highly 
permeable bedrock and inadequate soil covering. The peninsula is characterized by soft and 
porous marine carbonate rocks that have undergone diagenesis, coupled with eogenetic 
karstification, resulting in a highly cavernous terrain (Perry et al., 2009; Beddows et al., 
2007). The permeability is enhanced by extensive fracturing, caused by the asteroid impact 
approximately 65 mya, allowing substantial saltwater flow into the cave system resulting in 




of caves and karst sinkholes (Perry et al., 2009; Gines and Gines, 2007). The mean depth of 
the soil cover of the peninsula is 7.2 cm (White and Hood, 2004), which has a significant 
impact on the fate of the precipitation – most of the rainwater cannot be absorbed by the soil, 
but will evaporate or move directly into the aquifer (Perry, Velazquez-Oliman, and Socki, 
2003). The lack of sufficient soil cover together with the highly permeable and fractured 
bedrock cannot provide sufficient filtering, and will allow the movement of any contaminants 
(chemical or biological) into the aquifer. 
 
The aquifer of the peninsula is characterized by a thin cool freshwater lens overlaying the 
warm seawater-derived saline layer (Lefticaru et al., 2006). This permanent stratification is 
sustained due to the density difference between the fresh and saline waters, and a narrow 
mixing zone (interface) exists between the two. The thickness of the freshwater layer varies 
throughout the peninsula from less than 10 m near the coast to over 60 m in the center of the 
peninsula. The aquifer can easily be accessed through the karst sinkholes called ‘cenotes’ that 
usually penetrate deep into the saline layer of the aquifer. 
 
The aquifer is also characterized by unusually high sulfur fractionation (the deviation from 
normal 32S to 34S ratio). Because living organisms preferentially use the lighter isotopes, high 
sulfur fractionation value is a sign of biological activity. While sulfur fractionation by 
individual bacteria under laboratory settings does not exceed 46‰ (Detmers et al., 2001), 
microbial communities in the environment can achieve fractionation values as high as 77‰ 




measured as high as 63‰ (Socki et al., 2002). These high fractionation values predict a robust 
and active sulfur cycling community. 
 
The main threat to the aquifer comes from the human activities. While the lack of large-scale 
industrial development has kept the aquifer free from various industrial pollutants, the aquifer 
of Yucatan Peninsula is threatened mainly by municipal human waste. This has become an 
especially acute problem since the planned development of major tourist destinations on the 
Caribbean coast caused the population of eastern state of Quintana Roo to explode from 
88,150 in 1970 (Instituto Nacional de Estadística, Geografía e Informática, 2001) to 1.326 
million in 2010 (Instituto Nacional de Estadística y Geografía, 2013). While this kind of 
planned development has economically benefited the local population, the development of 
necessary infrastructure (i.e. sufficient wastewater treatment) has not kept up with the 
development of tourist resorts. 
 
To a lesser extent, agricultural run-off is also contributing to the problem since the 
agricultural practices in second half of the 20th century are characterized by increasing (and 
often indiscriminant) fertilizer and pesticide use (Alcocer, 1998). As a result, the freshwater 
aquifer, which is the only source of drinking water for the peninsula, is most notably 
contaminated with fecal bacteria and nitrates, both of which have a great health and economic 
impact on the population (Pacheco et al., 2001; Pacheco et al., 2000). To date, no studies have 
looked at the native groundwater microbial communities, their response to pollution, and their 




well-characterized geochemically, in order to fully understand the state of the groundwater, 
the geochemical characters need to be linked to the microbial community composition and the 
microbial metabolic processes taking place in the water and the sediment. This knowledge 
would give both a good overview of what is going on in the aquifer and may allow making 
predictions and suggestions about better groundwater management. 
 
Specific Aims of This Study 
 
This study aims to answer two broad questions about the microbial communities in Yucatan 
groundwater. The first question asks which environmental variables have the most effect in 
determining the species composition and genomic potential of the microbial communities. 
The hypothesis is that there is a significant difference between the microbial communities 
from the coastal and inland groundwater, the different cenotes, sediments and water (fresh, 
saline and interface layers), dry and rainy seasons, the amount of sunlight present, and the 
type of anthropogenic influence. This will allow for the extrapolation of results to similar sites 
and prediction as to how further development in the area will affect the groundwater 
microbiome. 
 
The second question concerns the diversity of the microbial communities. The general 
understanding in ecology is that higher biodiversity leads to higher productivity of the 
community, and that the change in the community diversity will lead to change in community 




linked to higher or lower diversity of the communities. The important question in the light of 
wastewater effluent disposal methods is whether there is a sufficiently rich and diverse 
microbial community in the groundwater that can take care of the organic pollution load. The 
hypothesis is that the sediments would have higher diversity than the water, interface would 
have the highest diversity of the different water layers (fresh, interface, saline), and the site 
most influenced by anthropogenic activity would have higher overall diversity than the other 
sites.  
 
Additionally, several specific questions are also addressed. On the phylogenetic level, the 
issues include whether the differences in the sulfur cycling microbial communities can be 
used to explain the high sulfur fractionation values, what is the extent of fecal bacteria in the 
groundwater, and whether the prevalence and the type of cyanobacteria and microeukaryotes 
(algae and diatoms) present can be linked to anthropogenic or agricultural influence on the 
water. On the functional genomic level, the issues include whether the amount or diversity of 
antibiotic resistance genes is an acute issue for the aquifer, if there is a difference in the type 
and amount of hydrocarbon and aromatic compound-degrading genes, and assessment of the 
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Figure	  6:	  Physical	  profile	  of	  Cenote	  Ucil;	  modified	  after	  Bowen	  (2000).	  	  The	  drinking	  water	  well	  is	  located	  at	  the	  territory	  of	  a	  busy	  tourist	  resort,	  and	  was	  abandoned	  because	  of	  saline	  water	  intrusion.	  It	  is	  about	  20	  meters	  deep,	  and	  at	  the	  time	  of	  the	  sampling,	  the	  interface	  started	  at	  around	  9	  meters	  and	  continued	  through	  the	  rest	  
	  	  
 
73	  of	  the	  water	  column,	  never	  becoming	  a	  stable	  saline	  layer.	  The	  well	  is	  located	  about	  0.5	  km	  from	  the	  coast.	  The	  well	  is	  completely	  covered	  with	  no	  light	  or	  vegetation	  input,	  and	  no	  public	  access.	  The	  resort	  operates	  its	  own	  moving	  bed	  biofilm	  reactor	  type	  wastewater	  treatment	  facility.	  This	  technology	  is	  compact	  and	  convenient	  to	  operate,	  although	  its	  efficiency	  of	  nutrient	  removal	  (in	  all	  cases	  of	  COD,	  BOD,	  phosphate	  and	  nitrate)	  is	  roughly	  a	  half	  of	  the	  fixed-­‐bed	  bioreactor	  (Choi,	  Lee,	  and	  Lee,	  2012).	  The	  volume	  of	  sewage	  handled	  by	  this	  specific	  facility	  and	  the	  output	  volume	  are	  not	  available.	  The	  effluent	  of	  these	  treatment	  facilities	  (owned	  by	  the	  hotel	  group	  in	  multiple	  tropical	  locations	  globally)	  has	  traditionally	  been	  used	  by	  that	  hotel	  chain	  for	  irrigation	  purposes	  (50%)	  and	  deposited	  into	  injection	  well	  (50%)	  (National	  Environment	  and	  Planning	  Agency,	  2008).	  Table	  1	  gives	  the	  summary	  of	  the	  physical	  and	  geographical	  characteristics	  of	  the	  sites.	  	  












Location Inland Inland Coast Coast 
 
Type of cenote Pit cenote Pit cenote Cavernous cenote Water well 
 
Depth 120 m 118 m 20 m 20 m 
 
Interface 50-60 m 68-75 m 13-15 m 9 m and below 
 
Light input low low high None 
 
Vegetation carbon input high low low none 	  










Figure	  7:	  Sampling	  locations,	  times	  and	  depths.	  	  DNA	  was	  extracted	  from	  the	  filters	  using	  MoBIO	  UltraClean®	  Soil	  DNA	  Isolation	  Kit	  (Carlsbad,	  CA,	  USA).	  A	  quarter	  of	  each	  filter	  was	  used	  for	  an	  initial	  extraction;	  for	  most	  sites	  additional	  extractions	  were	  necessary	  to	  obtain	  enough	  DNA	  for	  metagenomic	  analysis.	  DNA	  from	  the	  sediment	  samples	  was	  also	  extracted	  using	  the	  MoBIO	  UltraClean®	  Soil	  DNA	  Isolation	  Kit,	  using	  0.5	  g	  of	  the	  sediment.	  The	  DNA	  was	  quantified	  using	  both	  NanoDrop	  1000	  Spectrophotometer	  (Thermo	  Scientific,	  Wilmington,	  DE,	  USA)	  with	  three	  replicates	  per	  sample,	  and	  the	  Qubit	  fluorometer	  with	  Quant-­‐iTTMdsDNA	  Assay	  Kit	  (InvitrogenTM,	  Eugene,	  OR,	  USA).	  Because	  of	  the	  different	  volume	  of	  water	  filtered,	  the	  concentration	  in	  1	  l	  of	  water	  was	  calculated	  from	  the	  measured	  DNA	  concentration	  by	  multiplying	  the	  concentration	  times	  4	  (for	  initial	  extraction	  only	  ¼	  of	  the	  filter	  was	  used),	  and	  then	  dividing	  by	  the	  amount	  filtered	  in	  liters	  (table	  2).	  To	  obtain	  sufficient	  DNA	  for	  the	  shotgun	  metagenomic	  sequencing,	  the	  rest	  of	  the	  filter	  was	  also	  
	  	  
 
76	  used	  for	  DNA	  extraction.	  Because	  of	  low	  DNA	  yield	  and	  only	  one	  season	  of	  samples,	  the	  DNA	  from	  Cenote	  Ucil	  was	  not	  used	  for	  metagenomic	  shotgun	  sequencing.	  	  





Total DNA in 





Total DNA in 
1 l (ng/ul) 
X10 4.04 16 1.01 X10 1.21 0.45 10.75 
X60 1.99 4.8 1.66 X52 3.47 3 4.62 
X83 1.18 10 0.47 X70 1.20 3 1.6 
C4 10.7 2 21.4 C4 1.03 2 2.06 
C15 1.04 0.2 20.8 C13.5 1.32 0.25 21.12 
C18 1.63 2 3.26 C18 1.26 0.6 8.4 
H4 2.17 3 2.89 H4 4.92 n.d N/A 
H10 1.06 1.5 2.83 H10 2.86 n.d N/A 
XS 93.5 0.5 g N/A U10 1.44 2.5 2.3 
CS 278.0 0.5 g N/A U70 1.38 2 2.76 
    U80 1.07 1 4.28 	  	  
Table	  2:	  DNA	  concentration	  from	  the	  filter	  extractions.	  A	  quarter	  of	  the	  filter	  was	  used	  for	  the	  initial	  extraction.	  The	  concentration	  of	  a	  sample	  was	  measured	  with	  Quant-­‐iTTMdsDNA	  Assay	  Kit,	  and	  the	  total	  amount	  of	  DNA	  in	  the	  water	  was	  normalized	  for	  1	  l	  of	  source	  water.	  	  
Sequencing	  
	  For	  the	  phylogenetic	  analysis	  of	  the	  communities,	  the	  16S	  ribosomal	  rRNA	  V4	  variable	  region	  was	  sequenced	  at	  Argonne	  National	  Laboratories,	  Lemont,	  IL,	  USA	  in	  collaboration	  with	  the	  Earth	  Microbiome	  Project	  (www.earthmicrobiome.org/).	  The	  region	  was	  amplified	  using	  515F	  (GTG	  CCA	  GCM	  GCC	  GCG	  GTA	  A)	  and	  806R	  (GGACTACHVGGGTWTCTAAT)	  primers.	  Twenty-­‐one	  samples	  were	  sequenced	  on	  the	  paired-­‐end	  Illumina	  (San	  Diego,	  CA,	  USA).	  	  MiSeq	  platform.	  The	  16S	  rRNA	  V4	  data	  was	  mapped	  to	  a	  reference	  sequence	  database	  using	  QIIME	  pipeline	  (Caporaso	  et	  al.,	  2010).	  The	  OTUs	  
	  	  
 
77	  were	  picked	  with	  a	  closed-­‐reference	  OTU	  picking	  protocol	  against	  the	  Greengenes	  database	  (greengenes.lbl.gov/),	  and	  the	  taxonomic	  identity	  was	  determined	  at	  97%	  sequence	  similarity	  level.	  	  The	  metagenomesequencing	  was	  performed	  using	  the	  shotgun	  metagenomics	  method	  at	  Argonne	  National	  laboratories	  on	  Illumina	  HiSeq	  2000,	  2x100	  cycle	  run.	  The	  libraries	  were	  prepared	  using	  TruSeq	  DNA	  sequence	  library	  preparation	  kit.	  The	  sequencing	  data	  were	  processed	  using	  MG-­‐RAST	  (Meyer	  et	  al.,	  2008).	  	  
Data	  Analysis	  	  Phylogenetic	  analysis	  of	  the	  microbial	  communities	  was	  performed	  looking	  at	  the	  frequency	  of	  individual	  groups	  of	  microbes	  in	  the	  groundwater,	  the	  alpha	  diversity	  (within	  sample	  diversity),	  and	  the	  beta	  diversity	  (between	  sample	  diversity).	  The	  individual	  groups	  of	  interest	  were	  assessed	  at	  genus	  level,	  and	  included	  sulfate-­‐reducing	  and	  sulfur	  oxidizing	  bacteria,	  methanogens,	  microbes	  associated	  with	  nitrification	  and	  denitrification,	  phosphate	  accumulating	  organisms,	  fecal	  bacteria	  (indicator	  organisms	  and	  other	  gut	  microbes),	  human	  and	  animal	  pathogens,	  and	  cyanobacteria.	  The	  presence	  of	  diatoms	  and	  algae	  was	  assessed	  only	  at	  the	  ordinal	  level	  using	  16sRNA	  sequence	  dataof	  their	  chloroplast.	  The	  alpha	  and	  beta	  diversity	  values	  were	  obtained	  from	  the	  QIIME	  analysis.	  	  
	  	  
 
78	  The	  alpha	  diversity	  was	  assessed	  using	  Chao1	  index,	  phylogenetic	  diversity	  (PD)	  index,	  and	  Shannon	  entropy.	  Chao1	  index	  is	  commonly	  used	  as	  a	  non-­‐parametric	  estimator	  that	  is	  considered	  especially	  good	  estimator	  for	  microbial	  species	  richness.	  This	  metric	  estimates	  the	  true	  number	  of	  species	  from	  the	  observed	  number	  of	  species	  based	  on	  the	  probability	  of	  the	  particular	  species	  being	  observed	  repeatedly	  upon	  resampling.	  Chao1	  index	  is	  calculated	  as	  SChao	  =	  Sobs+	   !!!!!!,	  where	  n1	  is	  the	  number	  of	  species	  observed	  once,	  and	  n2	  is	  the	  number	  of	  species	  observed	  during	  both	  sampling	  events	  (Hughes	  et	  al.,	  2001).Phylogenetic	  diversity	  (PD)	  takes	  into	  account	  not	  just	  the	  number	  of	  different	  species	  observed,	  but	  also	  how	  phylogenetically	  diverse	  the	  community	  is.	  This	  measure	  is	  defined	  as	  the	  minimum	  total	  of	  branch	  lengths	  connecting	  all	  the	  organisms	  of	  the	  community	  in	  the	  phylogenetic	  tree	  (Faith	  and	  Baker	  2006).	  Shannon	  entropy	  is	  a	  diversity	  measure	  that	  takes	  into	  account	  both	  the	  species	  richness	  as	  well	  as	  their	  abundance.	  This	  assures	  that	  neither	  abundant	  nor	  rare	  species	  are	  favored	  in	  calculations,	  making	  it	  a	  fair	  measure	  (Tuomisto,	  2010).	  Shannon	  entropy	  is	  calculated	  as	  H	  =	  -­‐	  ∑pi	  log	  pi,	  where	  pi	  is	  the	  observed	  relative	  abundance	  of	  fragment	  i,	  which	  is	  calculated	  as	  Ni	  /N	  (Solow,	  1993;	  and	  Yang	  et	  al.,	  2004).	  	  The	  statistical	  analysis	  of	  the	  results	  was	  performed	  using	  multivariate	  regression	  method	  on	  SAS®	  Enterprise	  Guide®	  ver	  4.3.The	  level	  of	  significance	  α	  was	  set	  to	  0.05,	  the	  probability	  value	  calculated,	  and,	  compared	  to	  two-­‐tailed	  probability	  (α/2).	  Eight	  variables	  were	  evaluated	  to	  see	  what	  influenced	  the	  alpha	  diversity	  measures	  and	  the	  microbial	  
	  	  
 




Cenotes Xcolac, Calica, and Ucil vs. hotel well 
 
Season  dry vs. rainy 
 
Substrate water vs. sediment 
 
Location coastal vs. inland 
 
Salinity freshwater and interface layers vs. saline layer 
 





high and low vegetation carbon input vs. no vegetation carbon input 
 
Type of human 
impact 
 
agricultural and tourist impact vs. minimal impact 
 	  	  





Diversity at Phylum Level 
 
Overall, 79 different phyla were present in the samples. In addition, three unclassified 
categories were recognized: the unclassified bacteria, unclassified archaea, and the sequences 
that could not be classified as either bacteria or archaea (but which, however, amplified with 




in the samples over (or near) 1%, and were used for distribution analysis (Figure 8). The 
summary of the significant trends as response to environmental variables on the phylum level 





Figure 8: Distribution of the thirteen most prevalent phyla (twelve bacterial phyla and one 
archaeal phylum) together with unidentified organisms and unclassified bacteria. (X – Xcolac; 
C – Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. 
































Actinobacteria 4.13 Freshwater has more than interface (p = 0.028) and saline 
layer (p = 0.015) 
 
Bacteroides 7.66 Coast has more than inland (p = 0.009) 
 
Chlorobi 1.3 Coast has marginally more than inland (p = 0.0528) 
 
Chloroflexi 5.7 None 
 
Cyanobacteria 2.13 None 
 
Firmicutes 2.77 Coast has more than inland (p = 0.0228) 
 
OP3 1.07 None 
 
Planctomycetes 2.54 Saline layer has more than freshwater and interface (p = 




       Alpha Proteobacteria 
 




       Gamma 
Proteobacteria 
 
       Delta Proteobacteria 
 
 





















Rainy season has more than dry season (p = 0.0085); 
 
Freshwater has more than interface (p = 0.005) and 
saline layer (p = 0.0034); Xcolac has less than hotel 
well (p = 0.0311); 
 
Coast has less than inland (p = 0.0045); 
 
Rainy season has less than dry season (p = 0.0116 ); sediment 




SAR406 1.13 None 
 
Spirochetes 0.76 None 
 




6.7 Ucil has less than hotel well (p = 0.0164); dry season has 
more than rainy season (p = 0.0247); and sediment has more 
than water (p = 0.0026) 
 
Euryarcheota 2.37 Sediment has more than water (p < 0.0001) 
 
Unclassified 0.64 Sediment has more than water (p = 0.0003) 
 
 
Table 4: Summary of significant trends observed on the phylum level. The phylum 










Figure 9: Abundance of Alpha, Beta, Gamma, Delta, and Epsilon Proteobacteria. Zeta 
Proteobacteria were only present at low levels in the hotel well. (X – Xcolac; C – Calica; U – 
Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. December-





Overall, 1502 different OTUs were recovered from the samples, and 525 of these (35%) were 
identified on genus level according to the Greengenes ribosomal database (Desantis et al., 
2006). Ten genera had the relative abundance over or very close to 1%: Flavobacterium 




















(1.73%), Novosphingobium (1.81%), Desulfobacterium (1.42%), Sulfurimonas (0.98%), 
Acinetobacter (17.1%), Pseudomonas (5.45%), and so4B24 (SAR406) (0.91%). Of these, 
Acinetobacter is significantly more prevalent in Xcolac and the inland sites, although it is one 
of the more common organisms in most sites, except the sediment. Pseudomonas is 
significantly more prevalent in Cenote Ucil and the uncultured marine bacterium so4B24 was 
more prevalent in the hotel well. Some of these more abundant genera have high relative 
abundance only in one or two sites. Overall, Cenote Calica has more high-prevalence genera 





Site Season Salinity 
Sulfurimonas 
 
10.4% Calica dry Saline 
Desulfobacterium 
 
9.8% Calica rainy Interface 
Novosphingobium 
 














21.7% Calica rainy Interface 
Prochlorococcus 
 
22% Calica rainy Fresh 
Flavobacterium 
 
12.8% Calica dry Saline 
 














Figure 10: Relative frequency of most prevalent genera in the four sites. 
 
 
Additionally, each of the environmental variables was evaluated separately to observe any 
significant trends; the results are displayed in tables 6-15 below. The functional prevalence 
was only evaluated for the site, salinity, light input, substrate and season. There was no 
significant trend in the case of season and substrate. The only trends in salinity levels were in 
the case of cresol degradation, which was significantly more prevalent in the freshwater (p = 




















0.043), and anaerobic toluene and ethylbenzene degradation, which was more prevalent at the 
interface (p = 0.026); and in nitrification that was elevated at the interface level (p = 0.03). 
 
 



















































































































































































mdtABCD multidrug resistance 
cluster; mexE-mexF multidrug 































Chromium resistance, mercury 
resistance, copper resistance, cobalt-
zinc-cadmium resistance; 
 




Denitrification; Dissimilatory NO3 








































Hydrocarbon and aromatic compound 
degraders; 
 
Phosphorus removal: PAO 
 
 


















SRB/SOB: total SRB, 
Deltaproteobacterial SRB, 
 

















Deltaproteobacteria; Unclassified organisms; Euryarcheota; 
Crenarcheota; Unclassified bacteria; Planctomycetes; 
 
 







Methanogens: total methanogens, methanobacterales, 











 High vegetation carbon 
input 
Low vegetation carbon 
input 





































































































 High light input Low light input No light input 
Increase:  
 





















mexD and mexE-mexF multidrug 
resistance operons; 
 



































Resistance to cobalt, 





























   
 
 









































Fecal: total fecal, non-indicator fecal, E. coli (fecal 
coliform), Enterococcus, Bacteroides, 
Bifidobacterium; 
 





































Table 15: The trends of phylogenetic prevalence between fresh, saline and interface layers. 
 
 
Special Groups of Interest: Sulfur-Cycling Microbes 
 
Because the dissimilatory sulfate reduction (together with dissimilatory thiosulfate and 




Bacteria, the sulfate-reducing bacteria (SRB) were identified at least to family level.  
Additionally, the sulfate-reducing families were also screened for genera of non-sulfate 
reducers that were removed from the analysis. The inclusion of sulfur oxidizing bacteria 
depended on the particulate group in question. For example, in the case of purple sulfur 
bacteria, the whole order Chromatiales is characterized as the purple sulfur oxidizing bacteria, 
while the ability of heterotrophic sulfur oxidation is scattered among various proteobacteria. 
Overall, the sulfate reducers and the sulfur oxidizers make up almost equal fractions of total 
bacteria, with SRB making up 3.92%, and the SOB 3.76%. The rainy season has significantly 
less (p = 0.0339) total sulfur cycling microbes than the dry season, and the high vegetation 
carbon input samples (Xcolac) have significantly more (p = 0.01) than the low and no 
vegetation carbon input sites. The abundance of sulfate reducers follows the same trend; 
however, the sulfur oxidizers seem to have no preferential trend towards any season, site, or 
environmental variables. Comparing the SRB and SOB prevalence throughout the sites, the 
sulfur oxidizers dominate almost all the samples of Cenote Calica (except the rainy season 
saline layer), the rainy season freshwater layer in Cenote Xcolac, the freshwater and interface 
layers in Cenote Ucil, and the rainy season freshwater layer in the hotel well. The SRB are 
more prevalent in the rest of the samples at Xcoalc, the rainy season saline layer in Calica, 







Figure 11: Relative abundance of SRB and SOB in relation to each other. (X – Xcolac; C – 
Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. 
December-March: dry season, July: rainy season). 
 
Of the SRB, six distinct groups were identified from the samples: SRB belonging to class 
Deltaproteobacteria, the Gram-positive SRB, family Thermodesulfovibrionaceae; the order 
Thermodesulfobacteriales, family Dethiosulfovibrionaceae, and the genus Sulfurispirillium. 
The SRB belonging to class Deltaproteobacteria was represented by families 
Desulfobulbaceae, Desulfomicrobiaceae, Desulfuromonadaceae, Desulfovibrionaceae, 
Desulfobacteraceae, Synthropaceae, and Synthropobacteriaceae with several sulfate-reducing 
genera in each. The Gram-positive SRB consist of genera Desulfitobacterium, 
Desulfosporosinus, Desulfotomaculum, and Desulfurispora of family Peptococcaceae, and 
genus Desulfosporomusa of family Veillonellaceae. The family Thermodesulfovibrionaceae 




















identified. The family Dethiosulfovibrionaceae was represented by one genus, 
Dethiosulfovibrio. Additionally thiosulfate and elemental sulfur reducing genus 
Sulfurospirillium (Epsilonproteobacteria) were added to this analysis even though there are 
some species in this genus that preferentially use other compounds as terminal electron 
acceptors. 
 
The SRB belonging to class Deltaproteobacteria were the most numerous sulfur cycling 
organisms, present in every sample and making up a significantly larger fraction during the 
dry season (p = 0.035), and in the high vegetation carbon input samples (p = 0.018). The 
Gram-positive SRB were only present in the hotel wells (both seasons) and in the dry season 
freshwater sample of Cenote Xcolac. The family Thermodesulfovibrionaceae was present in 
almost every sample, except in the rainy season samples from Cenote Calica. The tourist 
impacted hotel well site had significantly more Thermodesulfovibrionaceae than the cenotes 
(p = 0.01); also, the high light environment (Calica water samples) had significantly less (p = 
0.02), the low vegetation carbon input sites (Calica and Ucil) had less than the samples that 
lack vegetation carbon input (p = 0.018). The representatives from order 
Thermodesulfobacterales were only present in the sediment of Cenote Calica, and the genus 
Dethiosulfovibrio (Dethiosulfobacteraceae) was only present in the dry season interface 
sample in Calica.  The genus Sulfurospirillium was present in about half of the sites, and 
notably absent from the rainy season samples of Calica and Xcolac as well as from the 
sediment samples. It made up significantly larger fraction (p = 0.01) of total bacteria in the 







Figure 12: Relative abundance of the six groups of SRB. (X – Xcolac; C – Calica; U – Ucil, 
H – hotel well. The number indicates sampling depth (m), S: sediment. December-March: dry 
season, July: rainy season). 
 
 
Of the SOB, five different groups were identified from the samples: the purple sulfur bacteria, 
the purple non-sulfur bacteria, the green sulfur bacteria, the green non-sulfur bacteria, and the 
colorless sulfur oxidizing bacteria. The purple sulfur bacteria found in the samples consist of 
the order Chromatiales, with three specific genera, Allochromatium, Halothiobacillus, and 
Thiovirga, identified. The purple non-sulfur bacteria consist of various Alpha and Beta 
Proteobacteria: Afifella and Rhodoplanes (order Rhizobiales), Phaeospirillum, 
Rhodospirillum, and Rhodovibrio (order Rhodospirillales), Rhodobaca and Rhodobacter 
(order Rhodobacterales), and Rhodoferax and Rubrivivax (order Comamonadaceae). The 




















and the green non-sulfur bacteria to the family Chloroflexiaceae (no specific genera 
identified). The colorless sulfur oxidizing genera identified include the following 
Betaproteobacteria: Limnobacter (Burkholderiales), Thiobacillus (Hydrogenophiliales), and 
Sulfuritalea (Rhodocyclales); Gammaproteobacteria: Acidithiobacillus (Acidithiobacilliales), 
Alishewanella (Alteromonadales), Thiohalorhabdaceae (no genera identified), Methylophaga, 
Piscirickettsia, and Thiothrix (Thiotricales); and Epsilonproteobacteria: Sulfuricurvum and 
Sulfurimonas (Campylobacterales). 
 
Of the SOB, the purple non-sulfur bacteria and the colorless sulfur oxidizers were most 
prevalent throughout the samples, with the purple non-sulfur bacteria being present in every 
sample, and the colorless bacteria being absent only from the dry season saline layer of 
Cenote Xcolac. The largest fraction of purple non-sulfur bacteria was present in the dry 
season saline layer of Calica, and the rainy season freshwater layers in Ucil and the hotel well. 
The colorless sulfur oxidizers were also most prevalent in the dry season saline layer of 
Calica, and to the lesser extent also in the dry season samples of Calica interface, freshwater 
layer of Xcolac, and the hotel well samples. With one exception, the green sulfur and the 
green non-sulfur bacteria were found only in the Cenote Calica. The green sulfur bacteria 
were present in both seasons throughout the water column in Calica (including the sediment) 
with the exception of the rainy season freshwater layer; additionally they were also present in 
the freshwater layer of Ucil. The green non-sulfur bacteria were only present in the rainy 
season interface and saline layers in Calica. The purple sulfur bacteria were completely absent 




hotel well with no light input. Statistically the purple sulfur bacteria were the only group 
showing a trend, with the high light input samples (Calica) having significantly more (p = 
0.04) purple sulfur bacteria than the other sites. The sites affected by agricultural impact 
(Xcolac and Ucil) had marginally less (p = 0.058) purple sulfur bacteria than the minimal 




Figure 13: Total abundance of the five groups of SOB. (X – Xcolac; C – Calica; U – Ucil, H 
– hotel well. The number indicates sampling depth (m), S: sediment. December-March: dry 



































Figure 14: Relative abundance of the five groups of SOB. (X – Xcolac; C – Calica; U – Ucil, 
H – hotel well. The number indicates sampling depth (m), S: sediment. December-March: dry 
season, July: rainy season). 
 
On the metagenomic level, the genes associated with sulfur oxidation and sulfate reduction 
made up about 1% total hits, and there was no significant variation between the sites, salinity 
levels or seasons. Neither did the genes associated with sulfate-reducing and sulfur oxidizing 
seem to be influenced by specific environmental conditions or sites; however, the sequences 
associated with sulfur oxidation and sulfate reduction made up 20% or more of all the sulfur 




























Figure 15: Total abundance of gene sequences associated with sulfur oxidation and sulfate 
reduction (X – Xcolac; C – Calica; U – Ucil, H – hotel well. The number indicates sampling 






















Figure 16: Relative abundance of sulfate-reducing and sulfur oxidizing genes (X – Xcolac; C 
– Calica, H – hotel well. The number indicates sampling depth (m), S: sediment. December-




In order to establish whether the microbial populations were contributing to the high sulfate-
sulfide fractionation values, the sulfur cycling microbial populations were compared between 
the cenotes Calica (maximum fractionation value measured 44‰) and Xcolac (maximum 
fractionation value measured 63‰). The differences were examined at the genus level in the 
case of sulfate-reducing bacteria as well as comparing the six distinct groups of sulfate 
reducers, five groups of sulfur oxidizers, and the total SRB and SOB. The comparison was 














saline layers. Marginal differences were found between different seasons at these sites, i.e. 
rainy season had overall marginally less purple non-sulfur bacteria in the freshwater at both 
sites (p = 0.059), and the alpha diversity (measured as phylogenetic diversity) was decreased 
in the interface layer in both sites (p = 0.058). However, no significant difference in the 
microbial community composition was seen between the two sites. 
 
Special Groups of Interest: Methanogens 
 
Of the total organisms in the Yucatan groundwater, methanogens make up only 0.02%, and 
they are not even the most prevalent archaea in the cenotes (0.8% of total archaea). 
Methanogens are completely absent from the rainy season freshwater and interface samples of 
the cenote Xcolac, freshwater samples of both seasons in the cenote Calica, and the interface 
and saline layers from the cenote Ucil. Methanogens are prevalent in the hotel well, saline and 
interface layers in the cenote Calica, and in both sediments, although the relative amount of 
methanogens is higher in the Calica sediment. The amount of methanogens (all types) is 
significantly higher in the sediments and in the high vegetation carbon input samples 
(p<0.001). Looking at the abundance (Figure 17 and 18), the type I methanogens (H2/CO2 
metabolism) are most prevalent in almost all sites, except in the water column of Calica, 
where the abundance of type II methanogens that grow on more diverse compounds are just as 
prevalent, or even higher. Methanocellales are only present in the sediment and the deep 
saline layer in Xcolac. The most prevalent genus of methanogens, present almost in every 




pMC1A4 clone that has previously detected in deep sea hydrothermal vent communities 
(Takai and Horikoshi, 1999) (both Methanobacteriales, type I), and Methanolobus 




Figure 17: Total abundance of the four orders of methanogens. (X – Xcolac; C – Calica; U – 
Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. December-





































Figure 18: Relative abundance of the four orders of methanogens. (X – Xcolac; C – Calica; U 
– Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. December-
March: dry season, July: rainy season). 
 
Since the presence of sulfate-reducing bacteria is usually inhibitory for methanogens because 
the sulfate reducers easily outcompete the methanogens for resources (i.e.H2), a special 
attention was paid to the relative abundance of methanogens as compared to sulfate reducers. 
In most sites, methanogens made up less than 1% of the group, and only in the sediment of 
Calica and the freshwater samples of the hotel well (both seasons) and in Ucil was the value 
over 1%. All these sites are dominated mainly by class I methanogens (Methanobacteriales) 





























Figure 19: The relative abundance of methanogens vs. sulfate-reducing bacteria. (X – Xcolac; 
C – Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. 
December-March: dry season, July: rainy season). 
 
Special Groups of Interest: Fecal Bacteria and Fecal Contamination Indicators 
 
The presence of fecal bacteria in the Yucatan aquifer is an established problem, owing to the 
geological setting and the lack of water treatment infrastructure. Fecal indicator organisms, 
other exclusively fecal bacteria, and the total amount of all fecal bacteria (indicator and other) 
were assessed. All five groups of fecal indicator organisms – enterobacteria (coliforms), 
Escherichia coli (fecal coliform), enterococci, Clostridium, Bacteroides, and Bifidobacterium 
– were detected in the cenotes and the hotel well. As a group, the fecal indicator bacteria were 

























preference towards a specific site or human impact. However, this is not the case when 




Figure 20: Total abundance of the fecal indicator bacteria. (X – Xcolac; C – Calica; U – Ucil, 
H – hotel well. The number indicates sampling depth (m), S: sediment. December-March: dry 


































Figure 21: Relative abundance of the fecal indicator bacteria. (X – Xcolac; C – Calica; U – 
Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. December-
March: dry season, July: rainy season). 
 
The first group, Enterobacteraceae (coliform bacteria) are present at each site in both seasons, 
although they are almost absent from the Xcolac sediment. Enterobacteriaceae are also the 
most prevalent indicator organisms for all the sites except the sediment of Xcolac, although 
they are present in significantly higher numbers during the rainy season (p = 0.0009). Because 
coliform bacteria are considered to be a poor indicators of fecal contamination, the abundance 
of other fecal indicator bacteria were looked separately to see whether the removal of 
coliforms would follow a different trend (Figure 22 and 23). The removal of coliforms still 






















Figure 22: Total abundance of the fecal indicator bacteria other than coliforms. (X – Xcolac; 
C – Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. 











































Figure 23: Relative abundance of fecal indicator bacteria other than coliforms. (X – Xcolac; 
C – Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. 
December-March: dry season, July: rainy season). 
 
The exclusively fecal coliform bacteria (represented here by E. coli) were actually absent 
during both seasons from the freshwater and interface layers at Xcolac and the saline layers of 
Calica and Ucil. The hotel well site had significantly more E. coli than Xcolac (p = 0.047), 
but not significantly more than Ucil (p = 0.349).  Looking at the human impact, the tourist 
impact site (hotel well) has marginally more E. coli than the minimal impact site (Calica; p = 



























Enterococci are absent from over half of samples – they are absent from CenoteXcolac 
(including the sediment) with the exceptions of the rainy season interface sample, freshwater 
of Calica, and from interface and saline samples of CenoteUcil. The highest amount of 
enterococci is found in the interface sample of the hotel well in rainy season. Statistically, 
both Xcolac and Calica have marginally less (p = 0.053 and p = 0.054, respectively) 
enterococci than the hotel well, and considering the human impact, the tourist-impacted site 
(hotel well) has significantly more (p = 0.047). 
 
The genus Bacteroides is similarly sparsely distributed among the sites. It is absent from 
Cenote Xcolac (including sediment) except for traces in the dry season fresh water sample, 
with similar trace amounts at the dry season freshwater and rainy season saline layer of Calica 
and interface layer in Ucil. However, it makes up magnitudes higher fractions in the rainy 
season samples of the hotel well. Statistically, the tourist-impacted hotel well has significantly 
higher amounts (p = 0.034) than other sites. 
 
The last indicator organism, Bifidobacterium, is absent from half of the sites, but like E. coli, 
it is more evenly distributed. Bifidobacterium is completely absent from Cenote Ucil and the 
dry season water samples at Cenote Xcolac. Interestingly, while the sediment of Xcolac has 
overall very low fraction of fecal indicator bacteria (as well as other fecal bacteria), 
Bifidobacterium makes up over half of the total indicator bacteria present in that sample. 
Statistically, Bifidobacterium follows the same trends as other indicator organisms – the 




While Clostridium perfringens has been successfully used as a fecal indicator organism, it 
cannot be of help in this study. Since the QIIME analysis of the V4 region only allows 
identification to the genus level, it is impossible to distinguish Clostridium perfringens from 
other clostridia. Therefore, since the results for the Clostridium genus will almost certainly 
also include the non-fecal species. Comparing the distribution of clostridia to other fecal 
indicators (Figure 24), it is clear that the genus Clostridium does not follow the trend of other 
fecal organisms, and thus represents most likely mainly clostridia that are naturally present in 




Figure 24: Distribution of genus Clostridium as compared to other fecal indicator organisms. 
(X – Xcolac; C – Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), 























In addition to the indicator organisms, 27 genera of exclusively fecal bacteria (human and 
animal) were identified as well. These bacteria include Prevotella (Bacteroidetes), 
Coprococcus, Ruminococcus, Anaerostipes, Blautia, Dorea, Lachnospira, Moryella, 
Oribacterium, and Roseburia (Clostridia; Lachnospiraceae), Faecalibacterium, 
Oscillospiraand Ruminococcu (Clostridia; Ruminococcaceae), Phasoclarctobacterium, 
Selenomonas and Veillonella (Clostridia; Veillonellaceae), Aldercreutzia and Collinsella 
(Clostridia; Coriobacteraceae), Erysiphelothrix and Coprobacillus (Firmicutes; 
Erysiphalothricales), Fusobacterium (Fusobacteria),Sutterella (Betaproteobacteria; 
Burkholderiales), Biofila and Lawsonia (Deltaproteobacteria; Desulfovibrionales), 
Campylobacter and Helicobacter (Epsilonproteobacteria; Campylobacterales), Morganella 
(Gammaproteobacteria; Entertobacterales), and Akkermansia (Verrumicrobia). Overall, the 
non-indicator bacteria are more prevalent than the indicator bacteria, and do not always 
follow the same trend as the indicator bacteria (Figure 25). Overall, the non-indicator fecal 







Figure 25: Relative abundance of other exclusively fecal genera detected in the cenotes as 
compared to fecal indicator organisms. (X – Xcolac; C – Calica; U – Ucil, H – hotel well. The 
number indicates sampling depth (m), S: sediment. December-March: dry season, July: rainy 
season). 
 
Looking at the overall presence of fecal bacteria (indicator and non-indicator), the greatest 
amount is found in the hotel well at the rainy season as well as freshwater zone at Xcolac 
during rainy season, and at all depths of Calica and Ucil during rainy season. Overall, there 
are significantly more fecal bacteria present during the rainy season (p = 0.0063), and in the 
tourist impact site (p = 0.04). While both Xcolac and Calica have significantly less fecal 
bacteria present than the hotel well site (p = 0.03 and p = 0.04, respectively), the lesser 
presence of fecal bacteria in Ucil is not significant (p = 0.4). Overall, the presence of fecal 

























fraction of exclusively fecal bacteria making up 0.59% of the total bacteria. This number may 
actually be a little higher because (with the exception of Clostridium) only exclusively fecal 
genera were included into the analysis, while there are other genera of the bacteria where 
some species are of fecal origin and others are not.  
 
Special Groups of Interest: Human and Animal Pathogens 
 
The exclusively pathogenic genera of bacteria (both human and animal) make up a very small 
fraction – 0.004% – of the total bacteria in the groundwater, and are completely absent from 
about half of the sites, mainly the interface and saline layers, although there are definitely 
traces of their DNA in the sediment. Five exclusively pathogenic genera were identified from 
the samples: Gardnerella (Bifidobacterales), Facklamia (Lactobacilliales),Atopobium 
(Coriobacterales), Leptotrichia (Fusobacterales), Aggregatibacter (Pasteurellales), and 
Treponema (Spirochetales).Undoubtedly the total number of pathogens in the water is higher, 
given that many genera present host both pathogenic and non-pathogenic members. The 









Figure 26: Total abundance of exclusively pathogenic genera detected in the cenotes. (X – 
Xcolac; C – Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), S: 
sediment. December-March: dry season, July: rainy season). 
 
Additionally, the presence of common water-borne non-bacterial pathogens was assessed 
from the metagenomic samples. Based on the DNA evidence, all the sites (with the exception 
of Ucil that was not included in the metagenomic study) showed detectable DNA of 
Entamoebahistolytica, Giardia intestinalis, Cryptosporidium parvum, and Toxoplasma 
gondii. No traces of Balantidium coli were found. Of the common enteric viruses shed by 
feces, there was no trace of Hepatitis A virus, but some sites did show traces of Norwalk virus 

























Prevalence of Antibiotic and Heavy Metal Resistance 
 
The abundance of heavy metal resistance genes was of special interest in this study because 
the environment is essentially void of any heavy metals. The metal resistance pathways 
observed in the cenotes included resistance to arsenic, copper, chromium, mercury and cobalt, 
zinc, and cadmium. Overall, Calica had significantly fewer resistance genes associated with 
copper (p = 0.008), cobalt, zinc and cadmium (p = 0.013), chromium (p = 0.0037) and 
mercury (p = 0.018) than the other sites.  
 
Similar trend was observed in the case of antibiotic resistance, although there the trend was 
not as clear-cut. The antibiotic resistance pathways detected included many multidrug 
resistance operons and associated structures, such as the mtdABCD multidrug resistance 
cluster, multiple antibiotic resistance mar-locus, and various other multidrug resistance efflux 
pumps and operons. Of the individual antibiotic resistance pathways, fluoroquinolone, beta-
lactamase, erythromycin, fosfomycin, streptothricin, vancomycin, methicillin and 
aminoglycoside resistance genes were detected. Calica had significantly lower amount of 
fluoroquinolone resistance (p = 0.044) together with fewer sequences associated with 
multidrug resistance pathways, while the hotel well had higher number of sequences 







Special Groups of Interest: Bacteria Significant in Wastewater Treatment 
 
From the environmental perspective, four aspects of nitrogen metabolism that deal with 
nitrogen mineralization, immobilization, and transformation of nitrogen species are of interest 
in the cenotes: nitrification, denitrification, nitrate reduction, ammonification and nitrogen 
fixation. Because there are various heterotrophic nitrifying bacteria that can also perform 
ammonia or nitrite oxidation, the nitrification capacity of the cenotes is better understood by 
looking at the genomic composition of the communities. However, there are genera that 
contain exclusively autotrophic nitrifying bacteria including aerobic ammonia oxidizers, 
anaerobic ammonia oxidizers, and nitrite oxidizers, all of which are present in the cenotes 
(Figure 27 and 28). Of the aerobic ammonia oxidizers, only two genera of archaea were 
present in the samples, Nitrosopumilus and Candidatus Nitrosphaera (both Crenarcheota). 
There is a relatively high amount of Nitrosopumilus in the rainy season interface layer of 
Calica, but otherwise there is no significant trend with these organisms. Of the anaerobic 
ammonia oxidizers, there are two genera of bacteria, Candidatus Brocadia and Candidatus 
Scalindua (both Planctomycetes). Both of these are only present in the hotel well (both 
seasons), both sediments, and in the dry season freshwater layer of Xcolac. Overall, the 











Figure 27: Total abundance of nitrifying bacteria. (X – Xcolac; C – Calica; U – Ucil, H – 
hotel well. The number indicates sampling depth (m), S: sediment. December-March: dry 














































Figure 28: Relative abundance of nitrifying bacteria. (X – Xcolac; C – Calica; U – Ucil, H – 
hotel well. The number indicates sampling depth (m), S: sediment. December-March: dry 
season, July: rainy season). 
 
There are also two genera of nitrite oxidizing bacteria present that complete the process of 
ammonia oxidation to nitrate, Nitrospira (Nitrospirae), and Nitrospina (Deltaproteobacteria). 
Of these, Nitrospina is only present at the dry season freshwater layer of Xcolac, and the dry 
season samples of the hotel well. Nitrospira are more ubiquitous, being exclusively absent 
only from the rainy season samples of Xcolac. The hotel well has significantly more nitrite 
oxidizers than other sites, and the tourist-impacted site has more nitrite oxidizers than the 


























On the metagenomic level, nitrogen metabolizing genes make up 0.8 – 1.6% of total number 
of hits, with the hotel well having significantly more (p = 0.0086) and Calica significantly 
fewer (p = 0.037) number of hits. Additionally, the saline layer also had significantly fewer 
hits in nitrogen metabolizing genes (p = 0.022). The functional genes considered in this study 
code for the four steps in the nitrogen cycle relevant in the wastewater treatment: nitrification, 




Figure 29: Total number of hits from pathways associated with nitrogen cycle. (X – Xcolac; 
C – Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. 
December-March: dry season, July: rainy season). 
 
Nitrogen fixation can be performed by three protein subfamilies, the nif, vnf, and anf. The nif 
subfamily consists of iron-molybdenum dependent nitrogenases, the vnf gene complex 



















al., 2003). These genes were represented throughout the water column, with significantly 
more hits at the interface level (p = 0.03); however, the abundance of iron-iron and vanadium-
iron dependent nitrogenases was relatively constant, and the interface abundance came mainly 




Figure 30: Comparison of the number of hits associated with nitrogen fixation across the sites 
and salinity gradient.  
 
Ammonia nitrification is encoded by two genes: ammonia monooxygenase (amo) that 
converts ammonia into hydroxylamine, and hydroxylamine oxidoreductase (hao) that 
converts hydroxylamine into nitrate. While the organisms that have been associated with 
ammonia nitrification are present in the cenotes, these two genes were not detected in any of 
the samples.  
 
Denitrification (and dissimilatory nitrate reduction) is encoded by series of genes that can 
reduce nitrate to nitrite, nitric oxide, nitrous oxide, nitrogen, or occasionally back to ammonia, 












reduction. Both denitrification and nitrate reduction were more prevalent in the hotel well and 
showed no preference to salinity level (Figure 31). 
 
	    
 
Figure 31: Comparison of the number of hits associated with denitrification across the sites 
and salinity gradient.  
 
The first step, dissimilatory nitrate reduction to nitrite, is carried on by respiratory nitrate 
reductases (nar genes) or by periplasmic nitrate reducteses (nap genes). While no nar genes 
were detected in the samples, the nap genes were abundant throughout the sites. The second 
step, nitrite reduction to nitric oxide, is directed by nitrite reductases (nir and nrf genes), both 
of which are abundant throughout the sites. Nitric oxide reductases (nor genes) that catalyze 
the nitric oxide reduction to nitrous oxide as well as nitrous oxide reductases (nos genes) are 
also ubiquitously present in the sampling sites. All these genes are more prevalent at the hotel 
















	    
 
Figure 32: Comparison of the number of hits associated with the dissimilatory nitrate 
reduction step of the nitrogen cycle.  
 
Of the phosphate accumulating organisms (PAO), the only exclusively phosphate 
accumulating genus present is Acinetobacter (Gammaproteobacteria). Acinetobacter is one of 
the overall most prevalent microbes in the cenotes, dominating all the water samples from 
Xcolac (except the dry season freshwater sample), all the samples from Ucil, both the 
interface samples from Calica, and the dry season interface sample from the hotel well. 
Xcolac has significantly higher amount of Acinetobacter (p = 0.025) than the other sites, the 
inland samples (Xcolac and Ucil) have higher level of Acinetobacter than the coastal sites (p 
= 0.0017), and agricultural sites (Xcolac and Ucil) have higher amount of Acinetobacter (p = 
0.0053) than both the minimal impact and the tourist impact sites. 
 
As a contrast to phosphate accumulating organisms, the glycogen accumulating organisms 
(GAO) that often outcompete the PAOs in the wastewater treatment facilities were also 
assessed. The only exclusively glycogen accumulating genus present in the samples was 
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not most seasons and depths), it accounted for very small fraction of the total bacteria, and 
definitely was greatly outnumbered by the PAOs. The only sample where the GAO 
outnumbered the PAO was the sediment of Xcolac. Overall, Cenote Ucil had a significantly 




Figure 33: Relative abundance of phosphate accumulating organisms (PAO) and glycogen 
accumulating organisms (GAO). (X – Xcolac; C – Calica; U – Ucil, H – hotel well. The 
number indicates sampling depth (m), S: sediment. December-March: dry season, July: rainy 
season). 
 
Special Groups of Interest: Aromatic Hydrocarbon-Degrading Bacteria 
 
While the ability to degrade various hydrocarbons and aromatic compounds can be assessed 
better by looking at the genomic information of the communities, 25 genera that exclusively 
contain the known hydrocarbon or aromatic compound-degrading bacteria were identified and 




















(Actinomycetales), Sporotomaculum and Syntrophomonas (Clostridiales), Asticcaulis, 
Brevundimonas, Caulobacter, Mycoplana, and Phenylobacterium (Caulobacterales), 
Thalassospira (Kiloniellales), Aminobacter and Xanthobacter (Rhizobiales), Oleomonas 
(Rhodospirilliales), Novosphingobium and Lutibacterium (Sphingomonadales), Methylibium, 
Variovorax, and Xenophilus (Burkholderiales), Dechloromonas and Propionivibrio 
(Rhodocyclales), Marinobacter (Alteromonadales), Alcanivorax and Oleibacter 
(Oceanospirillales), Acinetobacter and Alkalindiges (Pseudomonadales), and 
Hydrocarboniphaga (Xanthomonadales).These bacteria make up a surprisingly large fraction 
(20%) of total bacteria, which is mainly due to the prevalence of Acinetobacter, and to the 
lesser extent Novosphingobium and Brevundimonas. Acinetobacter dominates all the water 
samples from Xcolac (except the dry season freshwater sample), all the samples from Ucil, 
interface samples from Calica, and the dry season interface sample from the hotel well. 
Novosphingobium is prevalent in the rainy season freshwater sample from Xcolac, and 
Brevundimonas composes large fraction in the rainy season interface sample from Calica. 
Overall, Xcolac had significantly higher amount of these bacteria than the hotel well (p = 
0.042), the inland cenotes (Xcolac and Ucil) had more hydrocarbon and aromatic compound 
degraders than the coastal sites (p = 0.0084), and the agricultural sites (also Xcolac and Ucil) 
had more than Cenote Calica that has only minimal human impact in the vicinity (p = 0.023). 
 
From the functional genomic perspective, there are a variety of genes and pathways that deal 
with aromatic hydrocarbon degradation. Since many aromatic hydrocarbons are naturally 




degradation pathways that deal with aromatic compounds that are exclusively derived from 
coal tar or petroleum. There was a clear difference across the sites in the abundance of 
sequences associated with aromatic hydrocarbon degradation (Figure 34). The hotel well had 
more sequences associated with anaerobic toluene and ethylbenzene degradation (p = 0.034) 
and toluene-4-monooxygenase (p = 0.0004). Xcolac had more sequences associated with 
biphenyl (p = 0.043) and chlorobenzoate (p = 0.044) degradation. Calica had significantly 
fewer sequences associated with naphthalene (p = 0.017), and chlorobenzoate (p = 0.026) 




Figure 34:  Relative abundance of aromatic hydrocarbon-degrading genes (X – Xcolac; C – 
Calica; U – Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. 
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Special Groups of Interest: Cyanobacteria 
 
Cyanobacteria constituted the total of 1.76% of the organisms present. While cyanobacteria 
were present in every sample, they were more prevalent in the freshwater sites with light 
input, although the statistical significance was only marginal (p = 0.06). The relative 
abundance of cyanobacteria was highest at Calica. Interestingly, while the light input to the 
freshwater layer in Ucil is moderate, it had very low amount of cyanobacteria present, 
although low levels of the DNA from all six orders of cyanobacteria were detected at that site. 
However, the fresh and saline layer in Ucil were the only sites showing the presence of 
Microcoleus (Chroococcales), which is one of the cyanobacteria that can switch to sulfur 
reduction in dark conditions (Stal and Moezelaar, 1997). The overall presence of the order 
Chroococcales (that include other common genera, such as Chroococcus and Microcystis) 
was significantly higher in the inland cenotes (Xcolac and Ucil, p = 0.045) and also in the 
sediment samples (p = 0.0029). The only other order that has significantly higher presence in 
the sediment than in the water column is Pseudoanabaenales (p = 0.0035). 
 
The overall most abundant genus was Prochlorococcus (Synechococcales), a small marine 
cyanobacterium that was present everywhere except the interface and saline layers of Ucil and 
in the dry season sample from the hotel well. It was most prevalent in Calica freshwater layer 
during the rainy season. The higher abundance of the order Synechococcales (that includes 




The orders Nostocales and Stigonematales that include several environmentally significant 
and common species or cyanobacteria were relatively underrepresented. These cyanobacteria 
were present in the freshwater of Xcolac and Calica during dry season, during rainy season in 
Ucil and hotel well, and in the sediment, the abundance was low, and there was no significant 
trend favoring any of the conditions. The only common genus identified was Calothrix, which 
is a common periphytic species found in various aquatic habitats, but notably in non-polluted 
ones (Komárek and Hauer, 2013). No other environmentally significant or common genera 
(i.e. Nostoc, Anabaena, Wollea, Scytonema) were detected. Of the known nuisance species, 
only Microcystis was detected, and it was only present in the sediment. 
 
Other relatively abundant cyanobacteria include the uncultured early diverging, possibly non-
photosynthetic lineages belonging to the 4c0d-2 clade, notably the MLE1-12, that has been 
observed in drinking water (Poitelon et al., 2009), and YS2 that has been detected in the 
human and animal gut (Lin et al., 2013; Chen et al., 2011). These uncultured lineages were 









Figure 35: Relative abundance of prevalent cyanobacteria. (X – Xcolac; C – Calica; U – Ucil, 
H – hotel well. The number indicates sampling depth, S indicates sediment. December and 





Alpha diversity (within sample diversity) was assessed using three indices: Shannon entropy, 
Chao1 index, and phylogenetic diversity (PD). The overall results are displayed in table 16. 
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X10mar09 9.475 21296.38 618.649 
X60dec09 5.671 7651.031 262.334 
X83dec08 3.907 5040.377 181.62 
X10jul09 4.826 4203.412 123.139 
X52jul09 4.26 4715.032 184.275 
X70jul09 6.303 6205.821 219.53 
C4mar09 7.189 7974.984 230.279 
C15dec08 6.541 4561.468 211 
C17dec08 6.39 9137.85 275.584 
C4jul09 6.733 6112.005 157.104 
C13.5jul09 6.092 3960.519 146.018 
C18jul09 6.981 6502.542 274.684 
H4mar09 9.542 16466.503 651.323 
H10mar09 7.981 13867.613 504.195 
H4jul09 8.931 14167.008 582 
H10.4jul09 9.578 21464.016 640.005 
U10jul09 6.775 7457.2 260.838 
U70jul09 6.313 1014.828 57.868 
U80jul09 4.64 1951.794 93.646 
XSdec08 10.315 17846.04 609.644 
CSdec08 11.836 27617.672 802.607 
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The evaluation of the environmental health of aquatic systems has classically involved 
monitoring geochemical parameters together with a handful of indicator organisms. However, 
the development of biotechnology tools in recent years has made it possible to look at the 
changes in whole living communities, which together with geochemical monitoring will allow 
more accurate and detailed assessment of the state of these ecosystems. While chemical 
monitoring has been around for a long time, metagenomic assessment of the environmental 
health is still a relatively young method, and requires a lot of background knowledge about 
the different ecosystems and their dynamics. The goal of this study was to characterize the 
microbial communities in the karst aquifer of Yucatan Peninsula, and evaluate these 
communities for their phylogenetic and functional diversity. 
 
Phylogenetic Composition and Functional Diversity 
 
Aquatic biodiversity has gained a lot of attention since next generation sequencing methods 
that allow deep sequencing resolution of the samples have revealed huge, previously unknown 
and diverse microbial communities. For example, the estimated species richness in marine 
environments can be possibly as high as 2 x106 species, and even higher in the soil (Curtis, 
Sloan and Scannell, 2002). In microbial ecology, the principle that “everything is everywhere, 
the environment selects” suggests that many microbial species would be present at 




the given environment. Therefore it is important to link the sequencing data to the 
environmental variables and geochemical data to see how which variables have most 
influence over determining the microbial community composition. 
 
While the plant and animal biodiversity in Yucatan Peninsula has been well researched, this is 
the first study aiming to assess the overall microbial diversity in Yucatan groundwater. 
Although groundwater biodiversity is dependent on the type (shallow, deep, karst) and the 
conditions (pristine or contaminated) of the aquifer (Griebler and Lueders, 2009), warm 
temperatures, ground permeability and the subsequent nutrient and surface microbial 
contamination will likely contribute to higher diversity. Therefore it is not surprising to see 
high biodiversity in the cenotes and the well. With 1502 total OTUs present in these four 
sites, the biodiversity of this groundwater source is comparable to the water from upper layers 
of open oceans (Quince, Curtis and Sloan, 2008), and similar to the higher estimates from 
other karst aquifers (Gray and Engel, 2013). 
 
At the phylum level, most of the water samples are dominated by Proteobacteria, with the 
exception of freshwater samples from Calica where Cyanobacteria, Actinobacteria, and 
Bacteroidetes also make up a large portion of total bacteria. Of the Proteobacteria, Xcolac and 
Ucil are dominated by Gammaproteobacteria, while Calica and the hotel well seem to have a 
more evenly divided populations of Alpha-, Beta-, Delta-, and Gammaproteobacteria. The 
prevalence of Gammaproteobacteria is seen not just because it is the largest class of 




are the overall most numerous genera, and will be discussed below. The exclusively marine 
Zetaproteobacteria are found only in the hotel well, likely transferred there by tides from the 
ocean.  
 
These results make the cenotes different from most groundwater and surface freshwater sites, 
which are mainly dominated by Betaproteobacteria (Garridoet al., 2014; Röskeet al., 2012; 
Glöckner, Fuchs, and Amann, 1999; Methe, Horns, and Zehr, 1998). In contrast, marine 
environments are dominated by Alphaproteobacteria (Gilbert et al., 2012; González and 
Moran, 1997), and where Betaproteobacteria make up only a minute fraction of the total 
bacteria and archaea present (Glöckner, Fuchs, and Amann, 1999; Methe, Horns, and Zehr, 
1998). Additionally, with the exception of the families Enterobacteraceae and 
Xantomonadaceae, and the orders Pseudomonadales and Legionellales, Gammaproteobacteria 
are also more dominant in the saline environments than freshwater (Newton et al., 2011). 
Considering the constant marine water intrusion, it is likely that the cenotes and the whole 
groundwater microbial communities may resemble the ocean microbiome, especially 
considering the lack of surface water influence. 
 
However, since the predominance of Gammaproteobacteria in the samples is caused mainly 
by two genera, Pseudomonas and Acinetobacter, it is likely that something in the environment 
must favor these organisms. Although both Pseudomonas and Acinetobacter are common 
free-living organisms in water (Doughari et al., 2011), the dominance of these species in 




environments, Pseudomonas has been found to dominate the brackish water pipelines in 
bitumen industry (Park et al., 2011), petroleum-contaminated sites (Kaplan and Kitts, 2004), 
and eutrophic river water (Kenzakaet al., 1998).  
 
Dominance of Acinetobacter has been documented mainly in sewage and wastewater 
treatment influent, but also in aerobic composting plants (Shanks et al., 2013; Karadaget al., 
2013; VandeWalle et al., 2012), where the phosphate accumulating Acinetobacter is expected 
to reduce the phosphate load in the water as well as degrade various hydrocarbons. However, 
these samples are usually characterized by the co-dominance of other groups, such as 
Lachnospiraceae (Shanks et al., 2013), or Trichococcus and Aeromonas (VandeWalle et al., 
2012), none of which are seen in the cenotes. 
 
Because the prevalence of Acinetobacter is significantly higher in the inland sites influenced 
by the local agricultural practices (Xcolac and Ucil), it is possible that phosphate fertilizer use 
is influencing the levels of this organism, even though there is no intense the cultivation of 
crops around that area. Phosphate in the water may also explain the eutrophication at Xcolac 
during the rainy season, although Ucil, which has an equally high fraction of Acinetobacter, 
does not show any eutrophication. Unfortunately, there is no current data about the actual 
phosphate levels in the cenotes, which would tie this high level of Acinetobacter to local 





The sediment communities of both Xcolac and Calica are dominated by Deltaproteobacteria. 
Sediment domination by Gamma- and Deltaproteobacteria has been shown in the anoxic 
sediments with high rates of sulfate reduction (Wang et al., 2012; Zinger et al., 2011). 
Because this phylum includes majority of the sulfate-reducing microbes, the prevalence of 
Deltaproteobacteria is expected, although considering the highly sulfidic water of the cenotes, 
it is surprising that Deltaproteobacteria are not more prevalent in the interface and saline 
layers of other sites.  
 
Euryarcheota were also most prevalent in the sediment. This phylum was dominated by the 
WCHD3-30 cluster of archaea, an uncultured group that has been found in methanogenic 
zones of sediments, and are related to type II methanogens, such as Methanosaeta (Dojka et 
al., 1998). Although the number of known methanogens in the cenotes is very low, it is likely 
that methanogenesis is more prevalent in the sediment considering the uncultured and 
uncharacterized methanogenic archaea. 
 
Actinobacteria, which are known to be abundant in freshwater (Holmfeldt et al., 2009; 
Newton et al., 2007) are expectedly prevalent at the aerobic freshwater level at Xcolac, 
Calica, and Ucil, but not in the hotel well. Actinobacteria are generally UV-resistant (Newton 
et al., 2011), which allows them to thrive at the upper levels of the water column, 
outcompeting other less-UV resistant species. Actinobacteria lose this advantage in the hotel 
well that does not get any sunlight, which likely contributes to the lack of significant 




uncultured C111 and ACK-M1, both of which are commonly found (and often dominating) 
the freshwater habitats around the world (Urbachet al., 2001;Zwart et al., 2003;Gucht et al., 
2005).  
 
Phylum Bacteroidetes is present in all sites, although it is more numerous at the coastal sites 
than in the inland cenotes. This phylum is often prevalent in freshwater lakes (Newton et al., 
2011), although higher numbers of Bacteroidetes have been observed in clear-water lakes as 
compared to turbid ones (Gucht et al., 2005). Because many members of Bacteroidetes have 
been associated with degradation of complex biopolymers, many studies have noted an 
increased level of Bacteroidetes in the water during cyanobacterial blooms and in the presence 
of high amounts of dissolved organic carbon (Eiler and Bertilsson, 2007). This can make 
Bacteroidetes a great indicator for organic pollution. The lineages often found elevated during 
cyanobacterial blooms are Flavobacterium and related lineages (Newton et al., 2011), while 
organic matter contamination tends to elevate Chitinophaga and uncultured bacI-A1 and bacI-
A2 lineages (Eileret al., 2003). While most of the Bacteroidetes in the cenotes are present in 
low amounts, there was a significant Flavobacterium presence in Calica, which also has a 
significant fraction of cyanobacteria. 
 
While several phyla are more prevalent in the freshwater lens than in the saline water, 
Planctomycetes are more prevalent in the saline layer and the sediment. This trend has been 
shown by several studies of both fresh and marine habitats (Wang et al., 2012: Nagata et al., 




abundance and high diversity of these bacteria is characteristic of anoxic marine water and 
sediment (Kirkpatrick et al., 2006; Fuerst 1995). 
 
Specific Groups of Interest: Sulfur-Cycling Microbes and Sulfur Fractionation 
 
Considering the high levels of sulfate in the water it is not surprising that sulfur cycling 
microbes make up a diverse population throughout the sampling sites. While these microbes 
do not make up a large fraction of the total population (less than 4% each), the role of sulfur 
cycling microbes in these environments is hard to underestimate, since they contribute greatly 
to organic matter degradation in the anoxic sulfidic environments (Jørgensen, 1982). The 
composition, diversity and genomic potential of the two groups of sulfur cycling microbes can 
tell a lot about the health of this karstic groundwater. 
 
The main conclusion can be drawn from the disproportionally high amount of purple non-
sulfur bacteria throughout the sites. In natural high-light environments, the prevalence of 
purple non-sulfur bacteria over the purple sulfur bacteria indicates organic pollution, since the 
non-sulfur bacteria can grow both heterotrophically and autotrophically (Overmann, 2008). 
The high presence of these bacteria not only in the high light cenote (Calica) but also in the 
well that receives no light input is a further indication of some organic pollution in the 
groundwater. The same conclusion can be reached by looking at the prevalence of the 




since these microbes grow well when organic carbon is present (Kunen, Robertson, and van 
Gemerden, 1985).  
On the metagenomic level, the presence of enzymes in the sulfate reduction and sulfur 
oxidation pathways indicate a lot about the dynamics of energy flow in these systems. For 
example, while all sulfate reduction will go through the high-energy APS intermediate, the 
initial energy input depends on the electron donor. The growth with hydrogen does not require 
high energy input, but will also yield to only one molecule of ATP per molecule of sulfate 
reduced, while growth with lactate or acetate as electron donor will require more initial 
energy input, but result in higher energy output, yielding anywhere between 3-5 molecules of 
ATP per one sulfate molecule reduced (Thauer, Stackerbrandt, and Hamilton, 2007; Dimroth 
and Cook, 2004).  
 
Additionally there are thiosulfate-reducing bacteria that reduce thiosulfate instead of sulfate. 
This energetically “cheaper” pathway is generally performed by a specific group of bacteria in 
the deeper layers of freshwater sediments (Jørgensen and Bak, 1991). However, no enzymes 
catalyzing this pathway were found in the samples even though thiosulfate reduction is 
common in both marine and freshwater sediments and anaerobic waters (Jorgensen and Bak, 
1991). It is possible that the metagenomic sequencing failed to capture these enzymes, 
although it is also possible that some novel thiosulfate-reducing enzymes are present in some 










Figure 36: Sulfate reduction pathways present in the Yucatan groundwater. Green arrows 

























Figure 37: Sulfur oxidation pathways present in the Yucatan groundwater. Green arrows 
indicate the presence of the enzymes, empty arrows indicate the absence of the enzymes. 
 
The final issue pertaining to sulfur cycling microbes in this study is the sulfur fractionation 
problem. The measured sulfur isotope fractionation does not exceed 44.5 ‰ at Calica, but has 
exceeded 63	  ‰	  at Xcolac (Socki et al., 2002). Since sulfur fractionation is a direct sign of 
biological activity (Canfield and Raiswell, 1999), the explanation of why the fractionation 
values at these two cenotes differ so greatly may lay in the differences in either the 
phylogenetic or genomic composition of the communities. 
 
There is no significant trend between the two sites at the phylogenetic composition level 




individual microbes. For example, of the sulfur oxidizing bacteria, green sulfur and green 
non-sulfur bacteria were only present at Calica. Of the sulfate reducers, Desulfocapsa, 
Desulfotalea, Desulfonatrunom, and Desulfofaba were only present at the dry season 
freshwater layer at Xcolac, Synthropus was only present in the sediment of Xcolac, while 
Desulfuromonas was only present at freshwater layer in Calica, and the order 
Thermodesulfobacterales was only present in Calica sediment, and the order 




Figure 38: Comparison of the relative abundance of the SRB in Cenotes Xcolac and Calica, 
with the most abundant group of Deltaproteobacterial SRB removed; taken as the average of 

























Figure 39: Comparison of the relative abundance of the Deltaproteobacterial SRB in Cenotes 
Xcolac and Calica; taken as the average of the two seasons. (X – Xcolac; C – Calica; U – 
Ucil, H – hotel well. The number indicates sampling depth (m), S: sediment. December-
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Figure 40: Comparison of the relative abundance of five SOB groups in Cenotes Xcolac and 
Calica, taken as the average of the two seasons. 
 
Another possibility is that the fractionation difference has been created over time by the 
imbalance of SRB that oxidize their carbohydrate source either completely or incompletely. 
While pure culture studies have shown that SRB performing incomplete carbohydrate 
oxidation do produce lower fractionation values in laboratory conditions (Detmers et al., 
2001), this may not necessarily mean that lower fractionation values would be found in 
established natural microbial communities with complex metabolic networks. Looking at the 
complete and incomplete carbohydrate oxidizing microbes in this study, the distribution is 
relatively even between Calica and Xcolac. 
 
Although earlier studies have concluded that sulfur isotope fractionation greater than about 
47‰ is likely related to microbial community composition (Brunner and Bernasconi, 2005), 
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cenotes at the phylogenetic or genomic level. However, the presence of microbial species or 
the necessary genomic sequences are not a conclusive proof against this statement, either. The 
next step should be to look at the metabolic activity of the microbial communities, and 
perhaps looking at this problem on transcriptomic level will finally offer more answers. 
 
Special Groups of Interest: Methanogens 
 
As expected, methanogens were not abundant in the cenotes, considering the high amount of 
sulfate-reducing bacteria that outcompete methanogens for resources (H2 and acetate) in 
sulfidic waters (Lovely, Dwyer, and Klug, 1983). Methanogens were expectedly more 
abundant in the sediment where the redox potential drops below -200mV, although 
methanogens were also found in other sites, mainly in the anaerobic saline layers but also 
freshwater and interface layers of the hotel. Of the four groups of methanogens, class I, the 
overall largest group of methanogens, containing the orders Methanobacteriales, 
Methanococcales, and Methanopyrales that utilize H2/CO2 or formate, was the most prevalent 
one. The order Methanocellalaes, a subgroup of class I methanogens known for their high 
tolerance to O2 stress (Lü and Yu, 2012), was present in the cenotes; however, while these 
microbes were expected to be more prevalent outside the sediment where the redox potential 
is lower (and especially in the hotel well), no such trend was observed. Considering the 
relatively low abundance of methanogens and high abundance of sulfate-reducing bacteria, 





Specific Groups of Interest: Fecal Bacteria 
 
Fecal bacteria have been of specific interest in this study, considering the overall water quality 
issues throughout the peninsula. Between the lack of adequate sewage treatment and disposal 
options in the rural towns and villages, and the questionable wastewater effluent disposal 
practices in the bigger towns and tourist resorts, many studies have reported extensive fecal 
bacteria contamination in the groundwater (Hernandez-Terrones et al., 2010; Pachecho, 
Cabera and Marin, 2000; British Geological Survey et al., 1995). While all the previous 
studies have evaluated the presence of fecal bacteria by traditional culture-based and 
biochemical methods, this study assessed them in the context of the whole microbial 
community composition. At the same time it was also possible to evaluate the different 
indicator organisms by the culture-free method. 
 
Overall, the amount of fecal bacteria in the cenotes (indicator and non-indicator organisms) 
was low, making up less than 1% of the total microbes. While the culture-based methods from 
some of these sites and similar sites nearby have in the past showed high levels of fecal 
coliform bacteria, it is hard to link these results to the sequencing data. It would be interesting 
to compare different culture-based methods of fecal contamination detection to the 






The phylogenetic data also allow evaluation of the different fecal indicator organisms. For 
example, the coliforms are most prevalent of all the indicator bacteria in all the samples, but 
do not follow the same trends as the other fecal indicators (fecal coliforms, fecal streptococci 
Bacteroides, and Bifidobacterium). Coliforms used to be the standard in fecal contamination 
monitoring, but are currently not considered the best indicators because some coliforms are 
not of fecal origin, but are naturally present in the environment, and because of their ability to 
persist in the environment (Carrero-Colon, Wickham, and Turco, 2011). The results of this 
study show that coliforms do have somewhat different distribution than the other indicator 
organisms. For example, when the fraction of fecal indicator bacteria includes coliforms, the 
rainy season samples from Calica (no known human impact, no agricultural fields in 
proximity) have almost as much fecal bacteria present as the human-impacted hotel well. The 
removal of coliforms from the analysis shows that most fecal bacteria are present in the hotel 
well and only in the freshwater zone of Ucil (common swimming place). Removal of 
coliforms other than E. coli also leaves no indicator organisms in the interface level in Xcolac 
and only marginal presence in most other sites. 
 
In addition to the indicator organisms, there are other exclusively fecal genera present in the 
cenotes. For the most part, these organisms were more prevalent than the indicator organisms, 
and more prevalent during rainy reason. Interestingly, the non-indicator organisms follow the 
same trend as the coliform bacteria, suggesting that although coliforms may not be the ideal 
indicator organisms under all conditions, inclusion of coliforms in the analysis will tell a more 




The increased amounts of fecal bacteria in the hotel well is also not surprising, considering 
the population density in the area, the number of tourists, the shallowness of the well, and the 
sewage effluent disposal practices. However, the intriguing result here is the distribution of 
the fecal organisms throughout the water column. Ucil, the only other site with considerable 
fecal bacterial contamination (or when looking also at the non-indicator organisms, the rainy 
season samples from Xcolac and Calica) follows the expected pattern of high amounts of 
fecal bacteria in the freshwater sample, and reduced amounts of these organisms with 
increasing depth. This is not the case with the hotel well, where the interface layer has 
considerably more fecal bacteria present than the freshwater layer.  
 
There are two possible explanations for this distribution anomaly – the influence of the ocean 
(enhanced by tides), or the influence of the wastewater effluent injection well nearby. In both 
cases the contaminant bacteria would be originating from below, not from above as with 
runoff or irrigation water. Further studies are needed to address this specific question. 
Overall, two trends are clear - the fecal bacteria are more abundant during the rainy season 
and in the human-impacted hotel well. During the rainy season there is an increased surface 
runoff, accelerating the transport of fecal contaminants into the groundwater. It may also be 
that increased recreational use of the cenotes during the hot summer months contributes to 
this problem. Even in the hotel well, the rainy season has considerable more fecal bacteria 
than the dry season, even though the occupancy rates of the coastal resorts are actually lower 




geology of the area, the relatively low levels of fecal bacteria in most of the groundwater sites 
is actually encouraging news. 
 
Special Groups of Interest: Pathogens 
 
Since exclusively pathogenic bacteria (human and animal) are often fastidious organisms that 
are highly dependent on the host organism for various resources, these microbes are not 
expected to persist in the environment for a long time (Yamahara et al., 2012). Therefore it is 
expected that if pathogenic microbes are present in the cenotes, they would be present in very 
low numbers. Because the phylogenetic methods allowed identification of the microbes only 
to the genus level, only the exclusively pathogenic genera were observed, and the actual 
number of pathogenic species in these environments is likely to be considerably higher. 
 
Overall, the pathogen distribution was similar to the fecal bacterial distribution, with the 
highest amount in the hotel well, and the freshwater samples from Ucil, Calica, and Xcolac, 
and the rainy season being slightly more prevalent than the dry season. This distribution of 
pathogens mainly in human-impacted sites suggests an active role of human activity in 
shedding the microbes, whether through wastewater (hotel well) or through recreational 
activities (Ucil and Xcolac freshwater). The presence of exclusively pathogenic organisms in 
Calica, which is far from human habitation and farming activities, requires additional 
research. Unfortunately the methods of this study did not allow assessment of whether the 




Microbial Defense Mechanisms – Antibiotic and Heavy Metal Resistance 
 
Antibiotic resistance has become a serious problem in hospital settings, and the sub-
therapeutic concentrations of various antibiotics in the environment contribute to this issue by 
putting a selective pressure on the microbes in natural environments to acquire antibiotic 
resistance genes. Antibiotics end up in the groundwater through improper disposal of 
pharmaceuticals as well as through human waste from the antibiotic-consuming population. 
Antibiotic use in the world, including the use in human and veterinary medicine, prophylaxis, 
growth promoters, agriculture and aquaculture, is estimated to be up to 200,000 tons per year 
(Wise, 2002), although the increasing awareness of this problem has resulted in decrease of 
the consumption rate in several developed nations during the past decade (Titus, 2012). 
 
Since antibiotic resistance is not restricted to pathogenic bacteria, non-pathogenic antibiotic 
resistant microbes can serve as links to pathogenic strains, transferring the resistance genes 
from one population to another. The transfer of resistance genes can happen rapidly when 
antibiotics are present in the environment, often resulting in microbes with multiple antibiotic 
and heavy metal resistance cassettes (Zhang et al., 2011). Anthropogenic influence on the 
aquatic environments (such as agricultural runoff, wastewater spills, improperly treated 
sewage) have introduced both antibiotics and resistance genes into pristine environments in 
much higher levels than what these environments normally would encounter. Even treated 
wastewater has been shown to harbor antibiotic resistant microbes (Couthino et al., 2013). 




where the fresh groundwater serves both as recreational and drinking water reservoirs, and 
where the fast groundwater flow can distribute these resistance genes over long distances. 
 
When looking at the distribution and prevalence antibiotic resistance genes and pathways, the 
most common features are various multidrug resistance efflux pumps (and similar operons), 
followed by fluoroquinolone and methicillin resistance, and beta lactamases, all of which are 
relatively uniformly distributed throughout the sites. Of the individual sites, the hotel well has 
significantly higher levels of vancomycin and fluoroquinolone resistance, while Calica has 
significantly reduced amounts of fluoroquinolone resistance and selected multi-drug resistant 
pathways (the mdtABCD multidrug resistance cluster and mexE-mexF-oprN multidrug efflux 
system).  
 
This prevalence of fluoroquinolone resistance in Yucatan groundwater is worrisome, although 
not uncommon, since the rapid development of fluoroquinolone resistance is a global trend 
(Dalhoff, 2012). While quinolone antibiotics have been around since 1960s, the second 
generation fluoroquinolones were developed in the 1980s as highly effective broad spectrum 
antibiotics that were effective against many hardy pathogens that were resistant to other 
antibiotics. However, the use (and overuse) of these drugs has contributed to independent 
adaptation and resistance to fluoroquinolone resistance throughout the world (Acar and 
Goldstein, 1997). The increased amount of fluoroquinolone resistance in the hotel well may 
therefore be influenced by the sewage effluent from the treatment plant and effluent from the 




In addition to antibiotic resistance, there is also relatively high level of metal resistance genes 
present in the cenotes, which is somewhat surprising considering the virtual absence of heavy 
and transitional metals in these environments. For example, genes and pathways encoding for 
the resistance to arsenic, cobalt, zinc copper and cadmium are prevalent in all the sites, while 
the resistance pathways to mercury and chromium are also present. While some of these 
metals are needed for microbial metabolism in nanomolar concentrations, the resistance genes 
are essential in regulating the amount of trace elements allowed to enter the cells (Nies, 1992). 
The prevalence of these genes in the virtually metal free cenotes is additional evidence of how 
the absence of environmental selection does not mean the genes will be lost. 
 
All these resistance pathways were significantly decreased in Calica, which may suggest 
higher metal concentration or some metal contamination in the hotel well and Xcolac. 
However, since Calica also has the lowest amount of antibiotic resistance genes, the higher 
metal resistance at the other sites can also be explained by co-selection. Since many of these 
metal resistance genes are plasmid-encoded (Endo, Ji, and Silver, 1996), and occur on the 
same plasmids as antibiotic resistance genes, selection for antibiotic resistance will also 
indirectly select for metal resistance on multi-resistance cassettes (Baker-Austin  et al., 2006). 
Regardless of the reason for the abundance of metal resistance genes, it would be beneficial to 
measure and compare the amounts of these specific metals in the three sites to see if any 






Organisms Relevant to the Wastewater Treatment: Nitrogen Metabolism 
 
Besides the organic carbon load, wastewater treatment must also reduce the amount of 
nitrogen and phosphate in sewage to prevent eutrophication of the aquatic environments 
where the effluent is released. The main parts of nitrogen metabolism relevant in wastewater 
treatment include the nitrification step (NH3 -> NO3) and denitrification step (NO3 -> N2). 
Comparing these steps to the nitrogen fixation step (N2 -> NH3) and nitrate and nitrite 
ammonification steps (NO3/NO2 -> NH3) can offer insight into the balance of the nitrogen 
cycle and nitrogen availability in these environments (Figure 41). 
 
The distribution of the known nitrifying organisms in the cenotes and the hotel well is similar 
to the distribution of fecal bacteria and pathogens, with the tourist-impacted hotel well having 
more nitrifying bacteria overall, especially nitrite oxidizers and anaerobic ammonia oxidizers, 
which are absent from most other sites. The aerobic ammonia oxidizers, represented by two 
genera of archaea, are the most prevalent nitrifying organisms in the cenotes, accounting for 






Figure: 41 Nitrogen cycle pathways present in the Yucatan groundwater. Green arrows 
indicate the presence of the enzymes, empty arrows indicate the absence of the enzymes. 
 
 
The high levels of nitrifying bacteria, especially ammonia oxidizers, suggests that there may 
be a sufficient amount of ammonia present in the water to support this community. Natural 
environmental sources of ammonia in the water include the cyanobacteria that fix nitrogen, 
decaying organic matter, or from the feces of aquatic animals such as fish. Ammonia can also 
enter the water from sewage or poorly treated effluent since ammonia is removed from 
wastewater effluent mainly during the tertiary treatment that involves biological filters 
(aerobic or anaerobic), which are not commonly used in the municipal wastewater treatment 




facility used by the resort are supposed to be highly effective in removing up to 90% of 
ammonia from the sewage (Shore et al., 2012). Unfortunately there is no data about the levels 
of ammonia at these particular sites, and therefore a follow-up study that targets the ammonia 
levels in the cenotes and the hotel well would show whether there is a link between a higher 
prevalence of nitrifying microbes and higher levels of ammonia in the water. 
 
Quite curiously, neither of the key nitrification enzymes, ammonia monooxygenase or 
hydroxylamine oxidoreductase, were found in the metagenomic datasets, although both 
aerobic ammonia oxidizers (Nitrosopumilus and Candidatus Nitrosphaera) and anaerobic 
ammonia oxidizers (Candidatus Brocadia and Candidatus Scalindua) were present together 
with nitrate metabolism genes. Other datasets from aquatic environments have also 
encountered similar problem with either no nitrifying genes detected at all (Andreote et al., 
2012) or only detected at very low levels as compared to denitrification and ammonification 
(Yu and Zhang, 2012). It is also possible that ammonia oxidation in the cenotes may be 
performed by novel, yet uncharacterized enzymes. 
 
On the other hand, there is a relatively high abundance of denitrification-associated genes 
(nap, nir, nrf, nor, and nos) in the hotel well that may indicate high levels of nitrate in the 
water. This conclusion is also supported by significantly higher abundance of nitrate and 
nitrite ammonification-associated genes in the hotel well. Although there is no data for the 
specific well sampled in this study, drinking wells in surrounding areas have shown up to ten 




east coast of the peninsula have measured even higher concentrations of nitrate in the coastal 
drinking water wells (Hernandez-Terrones, 2010).  
 
The most interesting trend in the nitrogen cycle in the cenotes is seen in the case of nitrogen 
fixation. Various microbes can perform nitrogen fixation in aquatic environments: in the 
upper aerobic layer that receives at least moderate amount of sunlight it is primarily 
performed by cyanobacteria, in the anaerobic layers that receive light it is primarily 
performed by purple and green sulfur bacteria (and non-sulfur bacteria), and in anoxic layers 
and sediments that receive no light, it is performed by heterotrophic nitrogen fixing bacteria. 
Nitrogen fixation is inhibited by oxygen as well as by high concentrations of ammonia. 
Additionally, trace metals such as molybdenum, vanadium, and iron are required for proper 
functioning of nitrogenase (Zehr et al., 2003). Of the three metal-dependent nitrogenases, the 
molybdenum-dependent ones are the most common. 
 
While it is known that the iron levels in Yucatan groundwater are uniformly low, there is no 
data about molybdenum and vanadium levels in the water. However, it is known that 
molybdenum assimilation is inhibited by sulfate under aerobic conditions and neutral pH 
(Howarth, Marino, and Cole, 1988). The abundance of sulfate throughout the water column in 
the water is likely inhibiting the molybdenum-dependent nitrogenases in the aerobic 
freshwater layer, explaining why the nitrogen fixation is not more prevalent in the high and 




interface level, indicating that most of the nitrogen fixation in the cenotes is done by the 
colored sulfur and non-sulfur bacteria. 
 
Organisms Relevant to the Wastewater Treatment: Phosphorus Removal 
 
Looking at the levels and diversity of phosphate accumulating organisms in water indicate 
how well the environments can handle phosphate loads that may result from improper sewage 
disposal or agricultural run-off. While there is no actual data for phosphate levels in these 
sampling sites, other studies performed mainly on coastal groundwater sites (Hernandez-
Terronez et al., 2010) have found the nitrogen to phosphate ratio to be rather low, although 
the carbonate rocks and sediments are known to take up and retain phosphates (McClathery, 
Marino, Horwath, 1994).  
 
While only one major genus of phosphate accumulating organisms, Acinetobacter, was found 
in the cenotes, it was one of the most prevalent organisms in the majority of the samples 
except for the sediment. The ratio of PAO to the competing GAO was low, with glycogen 
accumulation microbes found only in a handful of samples, and only in the anaerobic 
sediment of Xcolac did these organisms outnumber the PAO. While this may indicate that the 
microbial communities are capable of handling phosphate pollution, the trends seen in this 






Because PAO make up significantly higher fraction in the agriculturally impacted sites 
(Xcolac and Ucil), it may indicate that there is a higher levels of phosphate present, possibly 
due to phosphate fertilizers, even though the agricultural practices surrounding the cenotes are 
not excessive. It is also noteworthy that high levels of Acinetobacter are typical in sewage 
influent (VandeWalle et al., 2012; Zhang, Shao, and Ye, 2011), and thus the runoff from the 
local septic tanks can also be a contributing factor. However, since phosphate is readily 
adsorbed to the carbonate rocks, some phosphate in the runoff is not likely to significantly 
influence the water quality beyond boosting the PAO communities. 
 
Degradation of Aromatic Compounds 
 
While the bacteria known to degrade aromatic hydrocarbons were more prevalent in Xcolac, 
the genomic data showed significantly increased amounts of degradation pathways both in the 
Xcolac and the hotel well. Compared to Calica, both of the other sites showed an increased 
amount of degradation genes for biphenyl, naphthalene, anthracene, and chlorobenzoate. 
Additionally, the hotel well had significantly higher amounts of toluene monooxygenase, and 
anaerobic toluene and ethylbenzene degradation. The overall most prevalent pathways were 
the chloroaromatic degradation and biphenyl degradation. However, these pathways are 
present naturally in various bacteria in the environment, and do not necessarily indicate the 





Chloroaromatic compounds are common compounds, many of which are used as gasoline 
additives (Burfeindt and Homann, 2001). The chloroaromatic degradation pathways are 
common in various Pseudomonas and Alcaligenes species (Mars et al., 1997; Müller, 
Schlömann and Reineke, 1996), although they can also be distributed to other organisms in 
the community through conjugation (van der Meer, 1997). While the genus Alcaligenes is not 
present in the samples, Pseudomonas is the second most prevalent organism present overall. 
Unfortunately, Ucil, which had the highest prevalence of Pseudomonas was not included in 
the metagenomic study, and the comparison between the prevalence of Pseudomonas and 
enzymes for chloroaromatic degradation pathway cannot be made. 
 
Biphenyls are organic coal tar derivatives that are used as dye carriers in textile industry and 
as post-harvest fungicides; the polychlorinated biphenyls were commonly used as heat 
transfer agents and pesticides, although both of these uses have been discontinued. The most 
common source of biphenyls in aquatic environments comes from textile mill wastewater, or 
from old leaking heat exchangers (US-EPA, 1994), neither of which would be likely sources 
of biphenyl in the Yucatan Peninsula. The degradation of biphenyls can be aerobic or 
anaerobic processes, yielding different end products (Abramowicz, 1990). Biphenyl 
degradation pathways are relatively common in the environment even without the presence of 
biphenyls, and various bacteria have been reported to possess these genes, including 
Pseudomonas (present ubiquitously), Rhodococcus and Beijerinckii (present mainly in the 




degradation prevalence in the hotel well and Xcolac is linked to the prevalence of bacterial 
species that carry the genes and not to selection due to chemical presence. 
Naphthalene and anthracene are both polycyclic aromatic hydrocarbons with fused benzene 
ring structures. The degradation pathway is the same for the two compounds, and encoded on 
the NAH plasmid that is relatively common in various Pseudomonas strains as well as in 
Aeromonas, Flavobacterium, Bacillus and others (Sanservino et al., 1993; Cerniglia and 
Heitkamp, 1989). Because naphthalene and anthracene are relatively soluble in water, the 
degradation of these compounds is fast, and the ability to degrade them is widespread in both 
pristine and contaminated environments (Cerniglia and Heitkamp, 1989). Since Yucatan 
Peninsula lacks industries where naphthalene or anthracene are used or produced, the 
fluctuation of naphthalene-degrading pathways in the water is likely not tied to contamination. 
 
The pathways for toluene and ethylbenzene degradation are encoded on the TOL-plasmid that 
is relatively common in Pseudomonas and various other organisms. The prevalence of both 
toluene monooxygenase and anaerobic toluene and ethylbenzene degradation pathways 
identified in this study only in the hotel well microbial community may suggest the presence 
of these compounds in the water. As both of these chemicals are gasoline additives (Federal-
Provincial-Territorial Committee on Drinking Water, 2014), and as the resort has more local 
traffic (not to mention proximity to the highway and the town) than either Calica or Xcolac, 
there are various sources that may leak low levels of toluene and ethylbenzene to the ground. 




ethylbenzene will vaporize, the permeability of the ground will also speed up the transport of 
the chemicals into the groundwater. 
 
Two trends were specific to the redox conditions: cresol degradation was more prevalent in 
the aerobic freshwater zone and the anaerobic degradation of toluene and ethylbenzene was 
more prevalent at the interface. Anaerobic toluene and ethylbenzene degradation is common 
to some sulfate-reducing bacteria, such as the Desulfobacteraceae family (Koizumi et al., 
2002) as well as various denitrifying and iron reducing bacteria (Heider et al., 1998). 
Considering the prevalence of Desulfobacteraceae throughout the sampling sites, the 
prevalence of these pathways in the reducing environments is not surprising, regardless of the 
presence or absence of the chemicals.  
 
Degradation of cresol (hydroxytoluene) is relatively common among various bacteria, and the 
degradation pathway can occur aerobically in Pseudomonas, Acinetobacter, and various other 
gram negative bacteria (Habe and Omori 2014), or anaerobic by various SRB, nitrate and iron 
reducers (Müller et al., 2001). Considering that Pseudomonas and Acinetobacter were the two 
most prevalent genera in the groundwater, it is likely that the increase in cresol degradation 
can be attributed to these microbes. 
 
If the increase of cresol degradation is a response to cresol contamination, the likely source is 
the application of m-cresol containing fungicides that are applied to ornamental plants as well 




the hotel well (surrounded by ornamental plants) and Xcolac (surrounded by agricultural 
fields), and not in Calica (surrounded by limestone quarry), the occasional presence of cresol 
in the freshwater layer is possible. 
 
Finally, there is an alternative explanation to the observed lower levels of aromatic 
hydrocarbon degradation genes in Calica, which can be tied to the high light conditions. 
Because many aromatic hydrocarbons can be degraded by UV radiation (Zhang et al., 2008; 
Belgiorno et al., 2007), UV treatment of wastewater effluent is one of the effective ways to 
remove these compounds from municipal wastewater effluent. If any of these contaminants 
were present in the Yucatan groundwater, the degradation would be more rapid in Calica 
where microbial degradation would be enhanced by the photocatalytic degradation, reducing 
the environmental pressure on the bacteria to acquire the degradation pathways.  
 
Special Groups of Interest: Cyanobacteria 
 
Although cyanobacteria are not generally used as primary water quality indicators, the 
prevalence of cyanobacteria can indicate specific pollutant problems, such as high levels of 
phosphate. Additionally, waters prone to cyanobacterial blooms should be monitored for their 
recreational and drinking water suitability. Cyanobacteria are present in most aquatic 
environments that receive a sufficient amount of sunlight, and it is mainly the toxin producing 





The cyanobacteria were not numerous in the cenotes, with the exception of Calica that 
receives the most sunlight. The most prevalent cyanobacterium was Prochlorococcus, a small 
marine organism, suggesting that these organisms are brought there through small conduits 
that connect Calica to the sea, or by birds. However, traces of Prochlorococcus were also 
identified in all the other sites except Ucil and during the dry season in the hotel well. 
Although it is mainly a marine organism, Prochlorococcus-like cells have been reported to 
inhabit some freshwater lakes (Ivanikova et al., 2007; Corzo et al., 1999). The presence of 
Prochlorococcus in the cenotes suggests that strains of this marine cyanobacterium can adapt 
to life in freshwater habitats once it is distributed there. 
 
Overall, the cyanobacteria don’t seem to be a problem for the observed sites, even though the 
light conditions in Calica and even the freshwater zones of Xcolac and Ucil are favorable. 
Since iron is one of the limiting nutrients for cyanobacterial growth (Mills et al., 2004), the 
lack of metals in the groundwater is likely one of the major contributing factors to the lack of 
these organisms. Even more encouraging is the lack of nuisance species, such as Aenabaena, 
Nostoc, and Lyngbya in the cenotes. The only observed nuisance species was Microcystis, 
detected at low levels in the sediment samples. While it is highly unlikely that these 
organisms are alive in the sediment, the presence of their DNA may indicate that they may 
have been present at some point in the water column, raising the question as to whether toxin 
genes could have been transferred to other similar cyanobacteria via horizontal gene transfer. 
While some strains of Leptolyngbya have been detected to carry the mcyE (microcystin 




(Frazão, Martins, and Vasconcelos, 2010). Additionally, no microcystin synthetase was 
detected in the metagenome analysis. 
 
Diversity Within the Communities 
 
Besides looking at the phylogenetic composition of the microbial communities, an equally 
important indicator in ecosystem health is the overall diversity. Most of the factors 
influencing microbial diversity were predictable, although there were several surprises. The 
biggest impact to the diversity was from the substrate in where the microbes were growing 
(water or sediment), and from the tourist impacted site (hotel well), both of which showed 
increased diversity by all three diversity measures: Shannon entropy, Chao1 index (estimated 
species richness), and phylogenetic diversity. While sunlight, vegetation carbon input, and 
sampling season all made a difference as well, the most surprising result was that there was no 
significant difference between the freshwater, saline and interface levels.  
 
The increased diversity in the sediment is not surprising, because the sediment is known to 
harbor higher number of microbes than the water (Grieblers and Lueder, 2009).This is due to 
multiple factors. For example, sediment contains higher amounts of organic carbon and 
phosphorus (Johnston, 1991), and debris in the bottom allows microbes to grow in attached 
communities rather than as plankton. The difference is not just in the amount and diversity of 
the microbes, but also in the microbial community composition as compared to the diversity 




obtained from the hotel well that had an overall higher diversity than the other sites. It would 
have been interesting to see whether the well sediment would have shown the same drastic 
increase in species richness between water and sediment as was seen at Xcolac and Calica. 
The well, which was constructed with the hotel in late 1990s, is considerably younger than the 
cenotes, and may not have had time to establish a rich, well-structured sediment microbial 
community, considering the changing geochemical conditions due to the saline water 
intrusion as well as human impact. 
 
The impact that a busy resort with a wastewater injection well and effluent usage for irrigation 
purposes have on the groundwater and its microbial content and diversity is also predictable. 
Location of the well less than half a kilometer form the coast is also notable, because this 
elevated diversity is also enhanced by the tides that push marine water into the well (hence the 
saline water intrusion). The impact of marine water intrusion can also be a factor in the 
composition of the microbial communities – the hotel well is the only site with the presence 
of exclusively marine microbes, such as Mariprofundus (Zetaproteobacteria). Unfortunately, 
the hotel well was the only highly tourist-impacted site in this study, and the access to these 
corporately owned sites has been increasingly difficult. However, it would be interesting to 
see whether the same trends can be observed in the groundwater in the territories of similar 
resorts. 
 
Because the hotel well is the only site with no vegetative carbon input, the increase in 




addition of leaf litter in aquatic systems is known to affect the species dynamics rather than 
the overall diversity (Gessner et al., 2010), and since the effect is dependent on the type of the 
detritus together with environmental conditions, such as temperature (Lecerf et al, 2007), it is 
hard to estimate here what the relationship is between the leaf litter and diversity in these 
environments. More research is needed to see whether the leaf litter and other vegetation 
carbon input significantly influence the microbial diversity in the cenotes. 
 
High sunlight input reduced the overall microbial diversity. Sunlight, especially its lower 
wavelength UV radiation (UVR) fraction, is known to have an inhibitory effect on 
heterotrophic bacterial growth in aquatic systems. While most of the damaging short 
wavelength UVR is received by the surface layers, some of it does penetrate deeper into the 
water column. The amount of UV radiation that reaches the deeper layers depends on the 
amount of dissolved organic matter and dissolved organic carbon that attenuate the effect of 
UVR. In clear alpine lakes, the amount of UVR at 28 m depth is about 10% of the surface 
radiation (Sommaruga, 2001); in tropical marine environments the amount of UVR has been 
shown to decrease hundredfold from the surface to the depth of 25 m (Fleishmann, 1989). UV 
radiation has been shown to inhibit up to 57% of sea plankton productivity at the depth of 1 
m, while at the depth of 30 m the inhibition drops down to 5% (Arrigo and Brown, 1996). 
Other studies have seen no noticeable inhibitory effects as little as 8.5 m depth (Villafañe et 
al., 1999). Aquatic ecosystems with high amounts of sunlight are expected to have a 





However, only phylogenetic diversity was affected by the sunlight, while Shannon entropy 
and the Chao1 index were not. This indicates that while Cenote Calica (the only site that 
received high light input throughout the water column) may not necessarily have an overall 
lower number of microbes present; rather these microbial communities are made of closely 
related organisms that thrive in high sunlight. This is not surprising as Calica has highest 
number of photosynthetic bacteria (both cyanobacteria, and purple and green sulfur bacteria) 
present of all the sites. 
 
Higher diversity during dry season as compared to the rainy season is somewhat surprising, 
because the increased runoff is expected to transport more surface organisms into the 
groundwater. While the hotel may be affected by the increased numbers of tourists during the 
winter (December samples) and spring break (March samples), it is primarily the non-tourist 
impacted sites, not the hotel, that are seeing this increase in diversity during the dry season. 
Air temperature is the only other variable that that clearly fluctuates between the seasons with 
an average of 5°C difference between the seasons. This, however, has very little effect on the 
measured water temperature that fluctuates within less than 2°C at the freshwater layer, and 
barely at all in the deeper layers.  
 
The most surprising result was that there was no diversity difference between the fresh, saline 
and interface layers. Although the interface has a high amount of organic carbon available for 
the microbes, and the rapidly changing redox potential and salinity favor microbes with 




heterotrophic plate counts from groundwater have shown that the number of microbes in the 
water does not vary with depth, even in deep subsurface environments (Balkwill, 1989), not 
enough is known about diversity across the redox and salinity gradient in permanently 
stratified lakes or karst sinkholes, and it is hard to conclude whether this study failed to 
capture the difference, or whether there really is not a difference in the standard diversity 
measures. Because this study only looked at the genetic presence of the organisms, and not 
their metabolic activity, it may be that the difference at the interface may only be captured at 




The purpose of this study was to characterize the microbial communities in Yucatan aquifer 
and determine which environmental variables influence the phylogenetic and metagenomic 
composition of the communities and their overall diversity. The biggest factors that influence 
the microbial community composition and the diversity are anthropogenic influence and 
sunlight. While there are also minor seasonal differences between the dry and rainy season 
communities that are likely influenced by increased runoff during rainy season, and the 
coastal sites are influenced by the seawater intrusion, these effects are minimal.  Additionally, 
the sediment community is more diverse than the planktonic community, with the sediment 
community having a significantly higher proportion of sequences from unknown organisms. 




difference had much clearer differences between the sites, light input and salinity/redox 
potential.  
 
Of the microbial groups, the groundwater has a diverse sulfur and nitrogen cycling 
population, but only a small amount of methanogens that are likely outcompeted by the 
sulfate-reducing bacteria. Fecal contamination is not as prevalent as feared in most of the 
sampling sites except those that are used frequently as recreational swimming places, and the 
hotel well, where the contamination is likely caused by inadequate sewage treatment and 
effluent disposal. The level of sequences associated with antibiotic and heavy resistance is 
relatively high throughout the peninsula. Cyanobacteria do not seem to have the potential to 
become a nuisance in the sites sampled, partly because almost no nuisance species were 
detected, and partly because environmental conditions are not favorable for the blooms. 
Overall, the microbial diversity in Yucatan groundwater is high, although similar to other 
tropical karst environments that have some human impact. Additional research addressing the 
diversity of gene expression would offer even more insight into the factors that drive the 
microbial populations in this vulnerable environment. 
	   
CHAPTER	  III	  	  MICROBE-­‐MINERAL	  INTERACTION	  IN	  THE	  METAL-­‐FREE	  GROUNDWATER,	  YUCATAN,	  MEXICO	  	  	   Abstract	  	  Native	  microbial	  communities	  in	  the	  groundwater	  of	  Yucatan	  Peninsula,	  Mexico,	  are	  expected	  to	  handle	  high	  organic	  nutrient	  loads	  that	  reach	  the	  groundwater	  through	  various	  sewage	  disposal	  methods.	  However,	  in	  the	  virtual	  absence	  of	  metals	  necessary	  for	  microbial	  metabolism,	  and	  consequently	  the	  microbes	  may	  not	  be	  performing	  at	  their	  optimal	  level.	  The	  objective	  of	  this	  study	  was	  to	  evaluate	  how	  the	  addition	  of	  Fe2+,	  Fe3+,	  Zn2+,	  and	  Cu+	  containing	  minerals	  would	  affect	  the	  diversity	  of	  the	  microbiome,	  as	  well	  as	  to	  observe	  the	  effects	  of	  microbial	  activity	  on	  the	  mineral	  surfaces.	  Traps	  with	  apatite,	  calcite,	  chalcocite,	  chalcopyrite,	  dolomite,	  hematite,	  magnetite,	  pyrite,	  pyrrhotite,	  siderite,	  and	  sphalerite	  were	  placed	  into	  deep	  water-­‐filled	  karst	  sinkholes	  in	  fresh,	  saline,	  and	  fresh-­‐saline	  water	  interface.	  After	  four	  months	  the	  biofilm	  DNA	  was	  extracted	  from	  the	  minerals.	  The	  microbial	  diversity	  was	  assessed	  as	  DNA	  fingerprints	  from	  randomly	  amplified	  polymorphic	  DNA	  analysis,	  and	  the	  fingerprints	  were	  
	  	  
 
169	  evaluated	  for	  diversity	  and	  similarity.	  The	  microbial	  communities	  were	  least	  diverse	  in	  high	  light	  environment,	  and	  most	  diverse	  on	  the	  Fe2+	  containing	  minerals	  in	  the	  fresh	  water.	  Most	  similar	  communities	  were	  seen	  on	  the	  Fe2+	  minerals	  in	  the	  saline	  zone.	  Scanning	  electron	  microscopy	  and	  energy	  dispersive	  X-­‐ray	  spectroscopy	  were	  used	  to	  evaluate	  the	  microbe-­‐mediated	  changes	  on	  the	  mineral	  surfaces.	  The	  most	  notable	  secondary	  mineral	  precipitation	  was	  seen	  on	  iron	  containing	  minerals,	  with	  colloidal	  sulfur	  precipitating	  in	  saline	  water	  and	  framboidal	  pyrite	  at	  the	  interface.	  The	  latter	  was	  only	  seen	  in	  the	  dark	  sites,	  suggesting	  that	  UV	  radiation	  has	  an	  inhibitory	  effect	  on	  the	  microbes	  that	  aid	  with	  framboid	  formation.	  Most	  biofilm,	  however,	  was	  observed	  on	  apatite,	  suggesting	  that	  the	  lack	  of	  phosphate	  has	  more	  effect	  on	  microbial	  growth	  in	  this	  environment	  than	  the	  lack	  of	  iron.	  	   Introduction	  	  
Background	  
	  Yucatan	  Peninsula,	  Mexico,	  has	  historically	  been	  known	  for	  its	  water	  problems.	  Its	  reliance	  on	  groundwater	  as	  sole	  drinking	  water	  source	  is	  complicated	  by	  the	  geological	  setting	  of	  highly	  permeable	  limestone	  and	  an	  extremely	  thin	  soil	  layer,	  both	  of	  which	  contribute	  to	  inadequate	  filtering	  capacity	  between	  surface	  pollution	  and	  groundwater.	  All	  these	  problems	  have	  been	  magnified	  by	  the	  rampant	  population	  growth	  in	  the	  past	  40	  years,	  especially	  in	  the	  state	  of	  Quintana	  Roo	  after	  it	  gained	  statehood	  in	  1972	  and	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  initiated	  the	  government	  sponsored	  program	  for	  development	  of	  tourism	  industry	  (Gobierno	  del	  Estado	  Quintana	  Roo,	  2010).	  Since	  then,	  the	  population	  of	  Cancun,	  the	  main	  tourism	  destination	  in	  Mexico,	  grew	  from	  about	  500	  in	  1970	  (Aguilar	  and	  De	  Fuentes,	  2007)	  to	  628,306	  in	  2012	  (Instituto	  Nacional	  de	  Estadística	  y	  Geografía,	  2013),	  and	  a	  similar	  growth	  pattern	  has	  been	  seen	  in	  areas	  along	  the	  east	  coast	  of	  Yucatan	  Peninsula.	  	  	  Not	  only	  has	  this	  rapid	  development	  of	  the	  area	  put	  a	  strain	  on	  the	  drinking	  water	  resources,	  but	  development	  of	  necessary	  infrastructure	  for	  wastewater	  treatment	  has	  not	  kept	  up	  with	  the	  population	  growth.	  Although	  modern	  wastewater	  treatment	  plants	  are	  being	  built	  throughout	  the	  coastal	  regions,	  and	  the	  amount	  of	  wastewater	  treated	  by	  modern	  wastewater	  plants	  has	  nearly	  quadrupled	  from	  1996	  to	  2008,	  it	  is	  still	  inadequate,	  especially	  since	  the	  population	  of	  the	  peninsula	  is	  expected	  to	  grow	  from	  4.145	  million	  in	  2010	  to	  5.807	  million	  in	  2030	  (National	  Water	  Commission	  of	  Mexico,	  2010).	  Additionally,	  disposal	  of	  the	  effluent	  varies	  among	  the	  municipalities,	  and	  depends	  on	  the	  type	  of	  wastewater	  treatment	  available.	  	  Many	  of	  the	  modern	  wastewater	  treatment	  plants	  inject	  secondary	  treated	  effluent	  into	  the	  saline	  groundwater	  lens	  below	  the	  water	  table	  (Punta	  Norte	  Wastewater	  Treatment	  Plant,	  2010).	  Although	  far	  from	  being	  an	  optimal	  solution,	  wastewater	  injection	  wells	  are	  becoming	  one	  of	  the	  most	  common	  methods	  for	  treated	  sewage	  disposal	  in	  Yucatan	  Peninsula	  (Beddows,	  2004).	  In	  this	  method,	  pressurized	  liquid	  waste	  is	  placed	  into	  the	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  porous	  underground	  rock	  formations	  under	  the	  water	  table.	  The	  depths	  of	  injection	  wells	  depend	  on	  the	  depths	  of	  the	  aquifer	  systems:	  in	  Cancun,	  the	  Punta	  Norte	  wastewater	  treatment	  plant	  will	  pump	  the	  effluent	  to	  90	  m	  below	  land	  surface	  (Punta	  Norte	  Wastewater	  Treatment	  Plant,	  2010),	  and	  the	  injection	  wells	  farther	  from	  coastline	  inject	  their	  sewage	  effluent	  over	  200m	  below	  the	  surface	  of	  the	  ground	  due	  to	  a	  thicker	  freshwater	  lens	  (Marin	  et	  al.,	  2000).	  Similar	  wastewater	  injection	  wells	  in	  the	  southeastern	  US	  are	  generally	  over	  700	  meters	  deep	  (Maliva	  et	  al.,	  2007).	  	  
The main problems of sewage injections into saline groundwater include the groundwater 
flow into the coastal waters as well as mixing with the fresh groundwater above (Paul et al., 
1998). This flow is further enhanced by permeable limestone topography, and is driven by 
tides (Cable et al., 2002). The vertical migration of wastewater is directly dependent on 
geological features, such as the fractured rock matrix that will enhance the velocity of upward 
migration (Maliva et al., 2007). Slower vertical migration of the effluent would allow the 
relatively high load of injected organic material to be further degraded by the native microbes 
in the saline and fresh-saline groundwater interface before it reaches the freshwater lens. 
However, the biomineralization of the organic carbon compounds under anaerobic conditions 
is considerable slower than under aerobic conditions, and the efficiency of these microbial 






The groundwater in Yucatan lacks most transition metals such as iron, copper and zinc, and is 
low in other important nutrients, such as phosphate (but not nitrate). Addition of selected 
minerals that provide these growth factors could result in a healthy, more efficient microbial 
population. One of the key populations in the sulfate-rich Yucatan groundwater are the 
sulfate-reducing bacteria, which are known to contribute significantly to organic matter 
mineralization in anaerobic environments (Jørgensen, 1982). Addition of minerals could give 
these groundwater microbes a boost in their metabolism, which in turn will assure that more 
of the organic nutrient load will be degraded. Identifying which minerals draw the highest 
microbial diversities would identify the micronutrients that would make the most difference in 
these systems. Establishing the pattern of microbial preference of the minerals may lead to 
solutions to improve the current wastewater effluent injection method by increasing the rate of 
organic matter degradation by the native groundwater microbial populations. 
 
Additionally, the interactions between microbes and minerals in aqueous systems influence 
the geochemical processes that take place in these environments. The nature of the specific 
biotic and abiotic interactions between the microbes and the mineral surfaces are determined 
by the mineral, the microbe, and the environment. From the mineral side, microbial 
accessibility is determined by the structure, microstructure, and elemental composition of the 
mineral (Banfield and Hamers, 1997). From the microbial side, the interactions are 
determined by the specific types of microbes present in the community, and their nutritional 
needs. The environmental conditions that influence the microbe-mineral interaction include 




nutrients. However, once the biofilm is well established, microbes can develop 
microenvironments near the mineral surface that may differ significantly from the 
environmental conditions outside the biofilm (Southam, Ferris, and Beveridge, 1995). All 
these factors determine the efficiency of microbial attachment and biofilm formation on the 
mineral surfaces, bioleaching of the minerals, and biogenic precipitation of minerals by the 
microbes.  
 
Minerals	  	  In	  order	  to	  study	  microbe-­‐mineral	  interaction,	  the	  minerals	  must	  be	  chosen	  with	  specific	  questions	  in	  mind,	  i.e.	  whether	  addition	  of	  Fe2+	  containing	  minerals	  effects	  the	  microbial	  communities,	  and	  whether	  the	  effect	  differs	  if	  the	  Fe2+	  ion	  comes	  from	  a	  sulfide	  or	  carbonate	  mineral.	  Because	  the	  Yucatan	  groundwater	  is	  essentially	  void	  of	  any	  transition	  metals,	  minerals	  containing	  iron,	  copper	  and	  zinc	  that	  have	  a	  significant	  role	  in	  cellular	  processes	  are	  of	  specific	  interest	  in	  this	  project.	  Additionally,	  phosphate	  is	  a	  limiting	  nutrient	  in	  most	  aquatic	  systems,	  and	  therefore	  minerals	  that	  could	  deliver	  this	  limiting	  reagent	  are	  of	  interest	  as	  well.	  The	  following	  is	  a	  brief	  summary	  on	  the	  minerals	  used	  in	  this	  study.	  
	  
Apatite	  ((Ca10(PO4)6(OH,F,Cl,Br)2)	  is	  a	  common	  non-­‐soluble	  phosphate	  mineral	  that	  can	  occur	  as	  a	  mixture	  or	  as	  individual	  minerals	  of	  hydroxylapatite,	  fluorapatite,	  chlorapatite	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  or	  bromapatite.	  It	  is	  a	  transparent	  or	  translucent	  mineral	  with	  varying	  coloration	  (green,	  blue,	  purple,	  yellow,	  brown,	  pink,	  white,	  colorless),	  usually	  forming	  elongated	  hexagonal	  crystals	  (Anthony	  et	  al.,	  2013).	  Depending	  on	  the	  composition	  of	  the	  mineral,	  it	  can	  be	  relatively	  easily	  dissolved	  in	  low	  pH	  environments	  (hydroxyapatite),	  or	  the	  mineral	  can	  be	  considerably	  more	  resistant	  to	  acid	  dissolution	  (fluorapatite).	  In	  neutral	  pH,	  any	  apatite	  is	  relatively	  insoluble,	  although	  it	  can	  be	  dissolved	  by	  bacteria	  that	  secrete	  organic	  acids	  (acetate,	  oxalate,	  pyruvate),	  which	  temporarily	  alter	  the	  pH	  of	  the	  mineral	  surface	  (Welch,	  Taunton	  and	  Banfield,	  2002).	  In	  the	  process,	  crystals	  of	  calcium	  salts	  (i.e.	  calcium	  oxalate)	  are	  deposited	  to	  the	  mineral	  surface	  (Jung,	  Kim,	  and	  Choi,	  2004).	  Because	  phosphate	  is	  the	  limiting	  nutrient	  in	  most	  environments,	  the	  ability	  to	  dissolve	  apatite	  without	  drastically	  altering	  the	  surrounding	  pH	  gives	  an	  advantage	  to	  bacteria	  that	  can	  do	  so.	  
	  
Calcite	  (CaCO3)	  is	  the	  most	  stable	  calcium	  carbonate	  mineral	  that	  is	  abundant	  worldwide.	  It	  is	  a	  transparent	  to	  opaque	  mineral,	  varying	  in	  color	  from	  colorless	  to	  white,	  gray	  or	  yellowish,	  with	  well-­‐formed	  hexagonal	  crystals	  in	  trigonal	  crystal	  structure	  (Anthony	  et	  al.,	  2013).	  Calcite	  is	  easily	  dissolved	  by	  organic	  and	  inorganic	  acids.	  Calcite	  surface	  dissolution,	  called	  weathering,	  by	  bacterial	  metabolites	  is	  well-­‐documented	  process	  that	  happens	  mainly	  by	  the	  secretion	  of	  metabolic	  by-­‐products	  (weak	  organic	  and	  inorganic	  acids)	  (Sulu-­‐Gambari,	  2011).	  Calcium	  is	  also	  commonly	  formed	  by	  bacteria	  via	  biologically	  induced	  mineralization	  (BIM),	  a	  process	  that	  is	  not	  
	  	  
 
175	  controlled	  by	  the	  microbe,	  but	  happens	  as	  a	  response	  to	  metabolic	  by-­‐products	  or	  the	  change	  in	  surrounding	  solution	  chemistry.	  In	  BIM,	  the	  precipitation	  can	  be	  calcite,	  or	  the	  less	  stable	  aragonite	  and	  vaterite;	  the	  mineral	  can	  precipitate	  as	  hydrate,	  and	  the	  precipitates	  can	  be	  amorphous	  (Rodriguez-­‐Navarro	  et	  al.,	  2012).	  	  
	  




176	  Chalcopyrite	  (CuFeS2)	  is	  another	  high	  quality	  copper	  ore.	  It	  is	  an	  opaque,	  yellow-­‐colored	  (occasionally	  iridescent)	  mineral	  with	  metallic	  luster,	  and	  forms	  usually	  large	  tetrahedral	  crystals	  (Anthony	  et	  al.,	  2013).	  It	  is	  also	  weakly	  paramagnetic	  and	  has	  semiconductor	  properties	  (Sato,	  2003).	  Chalcopyrite	  can	  provide	  both	  Fe3+	  and	  elemental	  sulfur	  for	  the	  iron	  and	  sulfur	  oxidizing	  bacteria.	  In	  this	  process,	  copper	  is	  solubilized	  as	  CuSO4	  when	  the	  microbes	  form	  a	  biofilm	  on	  the	  mineral	  surface	  and	  oxidizes	  the	  sulfur	  in	  the	  mineral	  (Kumar,	  Gandhi,	  and	  Natarajan,	  1991).	  This	  bioleaching	  process	  is	  used	  in	  recovering	  copper	  from	  ore.	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  Hematite	  (Fe2O3)	  is	  a	  crystalline	  form	  of	  Fe3+	  oxide.	  The	  mineral	  is	  opaque	  with	  coloration	  varying	  from	  dark	  gray	  with	  iridescent	  tarnish	  to	  blood	  red	  or	  white,	  with	  dull	  metallic	  luster;	  it	  has	  complex	  rhombohedral,	  pseudocubic,	  or	  prismatic	  crystals	  occurring	  in	  many	  formations	  including	  rosettes,	  or	  columnar	  and	  stalactitic	  masses	  (Anthony	  et	  al.,	  2013).	  Hematite	  is	  weakly	  ferromagnetic	  at	  ambient	  temperature;	  it	  is	  widespread	  throughout	  the	  world,	  and	  occurs	  commonly	  in	  weathered	  iron	  containing	  minerals	  (Anthony	  et	  al.,	  2013).	  Since	  iron	  is	  one	  of	  the	  limiting	  nutrients	  in	  many	  environments,	  dissolution	  of	  any	  iron-­‐containing	  minerals	  by	  biotic	  or	  abiotic	  factors	  will	  release	  iron	  for	  either	  assimilatory	  or	  dissimilatory	  cellular	  use.	  Because	  hematite	  is	  the	  most	  thermodynamically	  stable	  of	  other	  iron	  oxides	  and	  oxyhydroxides,	  such	  as	  magnetite,	  the	  solubility	  of	  hematite	  is	  also	  considerable	  lower	  (Sidhu	  et	  al.,	  1981).	  The	  Fe3+	  in	  hematite	  is	  reduced	  to	  Fe2+	  on	  the	  mineral	  surface	  by	  sulfate	  and	  iron	  reducing	  bacteria,	  and	  this	  process	  is	  enhanced	  under	  higher	  concentrations	  of	  biogenic	  H2S	  (Li	  et	  
al.,	  2006).	  In	  aqueous	  sulfidic	  environments,	  the	  Fe2+	  produced	  during	  this	  process	  is	  usually	  precipitated	  onto	  the	  mineral	  surface	  as	  ferrous	  sulfide	  (pyrite,	  greigite	  or	  pyrrhotite)	  (Neal	  et	  al.,	  2001).	  
	  
Magnetite	  (Fe3O4)	  is	  the	  other	  naturally	  occurring	  iron	  oxide.	  It	  is	  opaque,	  with	  black	  or	  dark	  gray	  coloration	  and	  metallic	  or	  submetallic	  luster,	  and	  it	  forms	  usually	  octahedral	  crystals	  (Anthony	  et	  al.,	  2013).	  Magnetite	  occurs	  commonly	  in	  many	  places	  throughout	  the	  globe,	  and	  it	  is	  the	  most	  magnetic	  of	  all	  minerals.	  Unlike	  hematite,	  which	  is	  Fe3+	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  oxide,	  magnetite	  contains	  both	  Fe2+	  and	  Fe3+.	  Many	  iron	  reducing	  bacteria,	  such	  as	  
Schewanella,	  can	  readily	  reduce	  magnetite	  under	  optimal	  conditions	  of	  37°C	  and	  pH	  5-­‐6.22	  (Kostka	  and	  Nealson,	  1995).	  In	  the	  presence	  of	  sulfide,	  the	  resulting	  Fe2+	  will	  be	  precipitated	  as	  ferrous	  sulfide	  (pyrite,	  greigite	  or	  pyrrhotite)	  (Neal	  et	  al.,	  2001).	  Magnetite	  will	  also	  bioaccumulate	  in	  various	  living	  organisms,	  such	  as	  the	  magnetotactic	  bacteria	  (Blakemore,	  1982),	  or	  into	  the	  brains	  of	  vertebrates	  (Kirschvink,	  1997);	  in	  all	  of	  these	  cases,	  magnetite	  is	  enzymatically	  produced	  by	  the	  organism	  and	  functions	  to	  sense	  the	  Earth’s	  magnetic	  field,	  although	  this	  ability	  may	  have	  been	  lost	  or	  undetectable	  in	  some	  groups,	  such	  as	  humans.	  
	  
Pyrite	  (FeS2)	  is	  the	  most	  common	  Fe2+	  sulfide	  mineral.	  It	  is	  an	  opaque	  mineral	  with	  yellow	  iridescent	  coloration	  and	  metallic	  luster,	  forming	  usually	  cubic,	  pyritohedral	  or	  octahedral	  crystals	  (Anthony	  et	  al.,	  2013).	  Pyrite	  is	  paramagnetic,	  and	  a	  good	  semiconductor;	  it	  is	  found	  commonly	  throughout	  the	  world,	  and	  in	  addition	  to	  abiotic	  origin,	  pyrite	  is	  also	  formed	  through	  biological	  processes	  in	  the	  sediments	  under	  reducing	  conditions.	  The	  biogenic	  pyrite	  formation	  goes	  through	  the	  iron	  monosulfide	  intermediate	  that	  is	  formed	  as	  the	  iron	  comes	  in	  contact	  with	  H2S,	  produced	  by	  sulfate-­‐reducing	  bacteria,	  and	  then	  proceeds	  through	  a	  mackinawite	  intermediate,	  converting	  to	  pyrite	  over	  a	  period	  of	  months,	  or	  more	  rapidly	  through	  a	  greigite	  intermediate	  during	  framboidal	  pyrite	  formation	  (Schoonen,	  2004).	  Pyrite	  oxidation,	  where	  Fe2+	  is	  oxidized	  to	  less	  soluble	  Fe3+	  under	  aerobic	  conditions,	  is	  a	  process	  that	  has	  been	  widely	  used	  on	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  bioleaching	  of	  pyrite	  minerals	  at	  low	  pH	  conditions.	  While	  the	  oxidation	  is	  faster	  at	  higher	  pH,	  under	  these	  conditions	  the	  resulting	  Fe3+	  is	  precipitated	  out	  as	  Fe(OH)3	  (Bonnissel-­‐Gissinger	  et	  al.,	  1998).	  
	  
Pyrrhotite	  (Fe(1-­‐x)S	  (x	  =	  0	  to	  0.2))	  is	  an	  Fe2+	  sulfide	  mineral	  with	  variable	  iron	  content.	  It	  is	  an	  opaque	  mineral	  with	  brass	  yellow	  to	  brown	  coloring	  and	  metallic	  luster,	  usually	  with	  pseudohexagonal	  tabular	  crystals	  that	  occasionally	  form	  rosettes	  (Anthony	  et	  al.,	  2013).	  It	  is	  weakly	  ferromagnetic	  and	  the	  intensity	  is	  dependent	  on	  the	  iron	  content.	  It	  is	  found	  commonly	  in	  various	  location	  across	  the	  globe.	  Similarly	  to	  pyrite	  and	  chalcopyrite,	  pyrrhotite	  bio-­‐oxidation	  is	  used	  to	  leach	  the	  metal	  content	  from	  the	  ore;	  however,	  unlike	  in	  the	  case	  of	  pyrite	  where	  the	  process	  does	  not	  involve	  precipitation	  of	  secondary	  minerals,	  pyrrhotite	  bio-­‐oxidation	  involves	  the	  precipitation	  of	  jarosite	  and	  elemental	  sulfur	  accompanied	  with	  thick	  biofilm	  formation	  (Jiang,	  Zhou,	  and	  Peng,	  2007).	  Pyrrhotite	  can	  also	  be	  formed	  biogenically	  by	  sulfate-­‐reducing	  bacteria	  when	  iron	  is	  available;	  however	  it	  is	  usually	  converted	  into	  pyrite,	  unless	  the	  available	  sulfide	  is	  limited	  (Larrasoaña	  et	  al.,	  2007).	  
	  
Siderite	  (FeCO3)	  is	  a	  Fe2+	  carbonate,	  a	  valuable	  sedimentary	  iron	  ore	  with	  high	  iron	  content.	  It	  is	  a	  translucent	  mineral,	  with	  varying	  coloration	  (colorless,	  white,	  yellow,	  green,	  brown,	  gray),	  usually	  with	  rombohedral	  crystals	  (Anthony	  et	  al.,	  2013).	  Siderite	  can	  be	  formed	  biogenically	  by	  bacteria	  under	  anaerobic	  conditions	  (Sawicki,	  Brown	  and	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  Beveridge,	  1995);	  the	  biogenic	  origin	  of	  siderite	  is	  also	  supported	  by	  its	  occurrence	  in	  sedimentary	  deposits	  in	  the	  presence	  of	  organic	  matter,	  although	  iron	  carbonate	  can	  only	  form	  in	  the	  absence	  of	  sulfide	  (Curtis,	  Pearson,	  and	  Somogyi,	  1975).	  However,	  there	  is	  evidence	  that	  siderite	  can	  also	  be	  formed	  by	  some	  sulfate-­‐reducing	  bacteria	  that	  reduce	  Fe3+	  in	  low	  sulfide	  concentration	  environments	  (Coleman	  et	  al.,	  1993).	  The	  Fe2+	  can	  also	  be	  leached	  out	  of	  the	  mineral,	  which	  can	  happen	  under	  anoxic	  conditions	  by	  nitrate-­‐respiring	  bacteria,	  and	  under	  aerobic	  conditions	  by	  several	  microaerophilic	  bacteria,	  such	  as	  Gallionella	  and	  Marinobacter	  (Weber,	  Achenbach,	  and	  Coates,	  2006).	  
	  
Sphalerite	  (ZnS	  or	  (Zn,Fe)S)	  is	  a	  zinc	  ore	  that	  almost	  always	  also	  contains	  Fe2+,	  although	  the	  iron	  content	  in	  the	  mineral	  varies.	  It	  is	  transparent	  to	  translucent	  with	  highly	  variable	  coloration	  (depending	  on	  the	  iron	  content)	  from	  pale	  yellow	  to	  dark	  brown	  and	  green,	  and	  forms	  tetrahedral	  or	  dodecahedral	  complex	  crystals	  (Anthony	  et	  al.,	  2013).	  If	  zinc	  is	  present	  in	  an	  anoxic	  aqueous	  environment,	  small	  crystals	  of	  sphalerite	  can	  be	  formed	  biogenically	  with	  the	  aid	  of	  sulfate-­‐reducing	  bacteria	  (Labrenz	  et	  al.,	  2000).	  Similarly	  to	  other	  metal	  sulfide	  ores	  (pyrite,	  chalcopyrite,	  pyrrhotite),	  sphalerite	  is	  also	  bioleached	  in	  order	  to	  enhance	  zinc	  recovery,	  although	  the	  efficiency	  of	  this	  process	  depends	  highly	  on	  low	  pH	  and	  presence	  of	  ferric	  ions	  (Pina	  et	  al.,	  2005).	  Like	  copper,	  zinc	  is	  also	  an	  important	  micronutrient,	  but	  toxic	  for	  the	  bacteria	  at	  higher	  concentrations.	  The	  minimal	  inhibitory	  concentration	  varies	  widely	  between	  different	  microbes;	  for	  sulfate-­‐reducing	  bacterial	  communities,	  the	  inhibitory	  concentration	  has	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  been	  experimentally	  shown	  to	  be	  at	  about	  25mM	  (Utgikar	  et	  al.,	  2003),	  while	  other	  bacteria,	  such	  as	  E.	  coli	  are	  inhibited	  at	  much	  lower,	  about	  3mM	  concentrations	  (Reddy	  
et	  al.,	  2007).	  
	  
Specific	  Aim	  of	  the	  Study	  	  This	  study	  aims	  to	  answer	  two	  main	  questions:	  how	  do	  microbial	  communities	  respond	  to	  addition	  of	  minerals	  that	  are	  limiting	  in	  these	  systems,	  and	  how	  do	  the	  microbial	  communities	  influence	  the	  mineral	  surface	  geochemistry.	  Three	  aspects	  will	  be	  considered	  in	  order	  to	  answer	  these	  questions.	  The	  first	  aspect	  concerns	  the	  overall	  diversity	  and	  similarity	  of	  the	  biofilm	  communities,	  and	  which	  environmental	  factors	  most	  influence	  them.	  The	  second	  aspect	  is	  to	  look	  at	  the	  changes	  to	  the	  mineral	  surface:	  compare	  the	  actual	  biofilm	  formation	  (relative	  amount,	  appearance)	  together	  with	  the	  presence	  of	  other	  organisms,	  such	  as	  diatoms,	  that	  may	  or	  may	  not	  be	  part	  of	  the	  actual	  biofilm;	  to	  look	  at	  the	  microbe-­‐mediated	  mineral	  dissolution	  (as	  surface	  etching);	  and	  to	  look	  for	  the	  secondary	  mineral	  precipitation	  onto	  the	  surfaces	  of	  the	  test	  minerals	  and	  to	  evaluate	  the	  potential	  biotic	  and	  abiotic	  causes	  of	  the	  precipitation.	  The	  third	  aspect	  is	  to	  find	  whether	  there	  is	  a	  correlation	  between	  the	  microbial	  community	  diversity	  and	  the	  changes	  at	  the	  mineral	  surface	  (biofilm	  formation,	  surface	  etching,	  and	  secondary	  mineral	  precipitation)	  under	  different	  environmental	  conditions.	  	  	  
	  	  
 




	  Studying	  groundwater	  microbial	  communities	  is	  usually	  complicated	  by	  the	  lack	  of	  access	  to	  the	  groundwater	  aquifers.	  In	  the	  Yucatan	  Peninsula,	  karst	  sinkholes	  (cenotes)	  offer	  a	  relatively	  easy	  access	  to	  the	  groundwater.	  These	  deep	  cenotes	  (some	  over	  120	  m	  deep)	  with	  their	  fresh	  water	  lens	  overlaying	  the	  saline	  bottom	  layer,	  varying	  degree	  of	  carbon	  input	  from	  forest	  vegetation,	  and	  general	  easy	  accessibility	  are	  excellent	  models	  for	  studying	  microbial	  communities	  in	  different	  groundwater	  systems.	  Two	  cenotes	  and	  an	  abandoned	  drinking	  water	  well	  were	  chosen	  for	  sampling	  sites.	  The	  locations	  of	  the	  sampling	  sites	  are	  shown	  in	  Figure	  42.	  	  
	  	  
Figure	  42:	  Location	  of	  the	  sampling	  sites	  in	  Yucatan	  Peninsula,	  Mexico.	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  Cenote	  Xcolac	  is	  located	  in	  the	  northern	  part	  of	  the	  peninsula	  at	  the	  circle	  of	  cenotes.	  It	  is	  approximately	  120	  m	  deep	  and	  80	  m	  wide	  at	  the	  surface.	  The	  interface	  is	  located	  at	  about	  50-­‐60	  m	  from	  the	  surface.	  The	  edge	  of	  the	  cenote	  is	  lined	  by	  trees,	  allowing	  high	  vegetation	  input.	  The	  cenote	  is	  located	  in	  a	  remote	  area,	  surrounded	  by	  woods	  and	  agricultural	  fields,	  and	  it	  is	  used	  by	  the	  locals	  for	  swimming.	  	  Cenote	  Calica	  is	  a	  coastal	  cenote	  that	  is	  approximately	  20	  m	  deep,	  and	  partially	  covered	  with	  a	  limestone	  ledge	  (uncollapsed	  part	  of	  the	  former	  cave	  roof).	  The	  interface	  is	  located	  at	  13-­‐15	  m	  from	  the	  surface.	  Calica	  is	  characterized	  by	  exceptionally	  clear	  water.	  While	  it	  is	  surrounded	  by	  trees,	  the	  vegetation	  input	  varies	  because	  of	  the	  partial	  coverage	  of	  the	  cenote.	  Because	  the	  cenote	  is	  located	  in	  the	  territory	  of	  a	  limestone	  quarry,	  there	  is	  no	  public	  access	  to	  the	  cenote.	  	  The	  drinking	  water	  well	  is	  located	  in	  the	  territory	  of	  a	  busy	  tourist	  resort,	  and	  was	  abandoned	  because	  of	  saline	  water	  intrusion.	  It	  is	  about	  20	  meters	  deep,	  and	  at	  the	  time	  of	  the	  sampling,	  the	  interface	  was	  around	  4	  to	  9	  meters.	  The	  well	  is	  located	  about	  0.5	  km	  from	  the	  coast.	  The	  well	  is	  completely	  covered	  with	  no	  light	  or	  vegetation	  input,	  and	  no	  public	  access.	  The	  resort	  operates	  its	  own	  moving	  bed	  biofilm	  reactor	  type	  wastewater	  treatment	  facility.	  This	  technology	  is	  compact	  and	  convenient	  to	  operate,	  although	  its	  efficiency	  of	  nutrient	  removal	  (in	  all	  cases	  of	  COD,	  BOD,	  phosphate	  and	  nitrate)	  is	  roughly	  a	  half	  of	  a	  fixed-­‐bed	  bioreactor	  (Choi,	  Lee,	  and	  Lee,	  2012).	  The	  volume	  of	  sewage	  handled	  by	  this	  specific	  facility	  and	  the	  output	  volume	  are	  not	  available.	  The	  effluent	  of	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  these	  treatment	  facilities	  (owned	  by	  the	  hotel	  group	  in	  multiple	  tropical	  locations	  globally)	  has	  traditionally	  been	  used	  by	  that	  hotel	  chain	  for	  irrigation	  purposes	  (50%)	  and	  deposited	  into	  injection	  wells	  (50%)	  (National	  Environment	  and	  Planning	  Agency,	  2008).	  Table	  18	  gives	  the	  summary	  of	  the	  physical	  characteristics	  of	  the	  sites.	  
 
















120m 20m 20m 
Interface (approximately) 50-65m 13-17m 4-9 
Vegetation carbon input high low None 
Light input 
 
moderate/low high None 
Water temperature  26-28 Cº 24-25 Cº 26.5-27.5 
Cº 
pH (fresh to saline) 7.09-6.25 7.35-6.44 6.8-6.5 
 
Table 18: Variable characteristics of the sampling sites.  
 
 The	  geochemical	  profiles	  show	  very	  little	  fluctuation	  in	  temperature	  and	  pH	  throughout	  the	  water	  column.	  There	  is	  very	  little	  fluctuation	  in	  redox	  potential	  throughout	  the	  freshwater	  zone,	  ranging	  from	  370-­‐360	  mV	  in	  the	  upper	  52m	  in	  Xcolac,	  305-­‐355	  mV	  in	  the	  upper	  12.6m	  in	  Calica,	  and	  296-­‐273	  mV	  in	  the	  upper	  6.5m	  at	  the	  hotel	  site.	  There	  is	  a	  sharp	  drop	  of	  redox	  potential	  at	  the	  interface,	  dropping	  below	  zero	  over	  just	  a	  couple	  of	  meters,	  and	  then	  a	  more	  gradual	  decrease	  towards	  the	  bottom,	  where	  it	  reaches	  -­‐80	  mV	  in	  Xcolac,	  -­‐38	  mV	  at	  Calica,	  and	  -­‐90	  mV	  at	  the	  hotel.	  Similar	  patterns	  happen	  with	  special	  conductivity	  that	  stays	  the	  same,	  1.3	  mS/cm,	  throughout	  the	  freshwater	  column	  in	  
	  	  
 
185	  Xcolac,	  and	  then	  drops	  sharply	  over	  the	  interface	  to	  45.2	  mS/cm.	  At	  Calica,	  the	  special	  conductivity	  throughout	  the	  freshwater	  column	  is	  2.3	  mS/cm,	  dropping	  to	  44.3	  mS/cm	  at	  the	  interface,	  and	  at	  the	  hotel	  site,	  the	  special	  conductivity	  ranges	  from	  5-­‐7	  mS/cm	  at	  the	  freshwater	  column,	  dropping	  to	  53.7	  mS/cm	  in	  the	  bottom	  of	  the	  well.	  	  








	  (Ap)	   	  Ca5(PO4)3(F,Cl,OH)	   	  PO43-­‐	  	   	  Phosphate	  
Calcite	  
	  
(Cal)	   CaCo3	   control	   Carbonate	  
Chalcopyrite	  
	  
	  	  (Cc)	   CuFeS2	   Cu+,	  Fe3+	   Sulfide	  
Chalcocite	  
	  
(Ccp)	   Cu2S	   Cu+	   Sulfide	  
Dolomite	  
	  
(Dol)	   CaMg(CO3)2	   Mg2+	   Carbonate	  
Hematite	  
	  
(Hem)	   Fe2O3	   Fe3+	   Oxide	  
Magnetite	  
	  
(Mag)	   Fe3O4	   Fe2+	  Fe3+	   Oxide	  
Pyrite	  
	  
(Py)	   FeS2	   Fe2+	   Sulfide	  
Pyrrhotite	  
	  
(Po)	   FeS	   Fe2+	   Sulfide	  
Siderite	  
	  
(Sd)	   FeCO3	   Fe2+	   Carbonate	  
Sphalerite	  
	  
(Sp)	   (Zn,Fe)S	   Zn2+,	  Fe2+	   Sulfide	  	   	  
Table	  19:	  Minerals,	  their	  chemical	  formulas,	  and	  groups	  of	  interest.	  	  	  	  
DNA	  Extraction	  and	  PCR	  
	  
Genomic DNA was extracted using MoBio Power Biofilm DNA Extraction kits, following 
the manufacturer’s protocol (MoBIO Laboratories, Carlsbad, CA). Approximately 0.3g of 
mineral crystals with biofilm were used for the extraction, although there is fluctuation in the 




Over ten RAPD primers together with other repetitive element (box-element) primers were 
evaluated for reproducibility and sufficient variation in the banding pattern. Based on the 
results, two long RAPD primers, 2817 (GCT TGG TCT GCT CAA TGT GG) and (GAA)5  (GAA 
GAA GAA GAA GAA) (Shianna  et al., 1998), were chosen for fingerprint analysis based on 
reproducibility of DNA amplification patterns. PCR was performed using the Failsafe™ PCR 
System premix A. The PCR conditions for 2817 and (GAA)5 primers were the following: 
initial melting step of 94°C for 4 min, followed by 35 cycles of 94°C for 1 in, 37°C for 1 min, 
and 72°C for 2 minutes, followed by final extension step 72°C for 9 minutes (Shianna et al., 
1998). The PCR products were run on 2% SFR agarose gels at 133 V for 3 hours, and 




The	  resulting	  RAPD	  fingerprint	  profiles	  were	  analyzed	  by	  creating	  a	  binary	  matrix	  based	  on	  presence/absence	  of	  the	  fragments.	  The	  fingerprint	  analysis	  was	  performed	  using	  GelQuest	  software	  (GelQuest,	  2008).	  The	  alpha	  diversity	  was	  assessed	  by	  three	  different	  diversity	  measures:	  effective	  diversity	  (D),	  fragment	  richness	  (S),	  and	  evenness	  (J).	  Effective	  diversity	  is	  a	  measure	  that	  takes	  into	  account	  both	  the	  presence	  and	  abundance	  of	  the	  PCR	  fragments.	  It	  is	  based	  on	  another	  diversity	  index,	  Shannon	  entropy	  (H),	  which	  was	  calculated	  as	  follows:	  H	  =	  -­‐	  ∑pi	  log	  pi,	  where	  pi	  is	  the	  observed	  relative	  abundance	  of	  fragment	  i,	  which	  is	  calculated	  as	  Ni	  /N	  (Solow,	  1993;	  and	  Yang	  et	  al.,	  2004).	  However,	  
	  	  
 
188	  since	  Shannon	  entropy	  is	  not	  diversity	  but	  just	  an	  index	  of	  diversity,	  the	  effective	  diversity	  is	  calculated	  as	  exponential	  of	  Shannon	  entropy	  as	  follows:	  D	  =	  eH	  (Jost,	  2006).	  Effective	  diversity	  is	  the	  estimate	  of	  the	  effective	  number	  of	  species	  in	  the	  community.	  Fragment	  richness	  (S),	  which	  is	  the	  number	  of	  PCR	  amplified	  fragments	  per	  lane,	  was	  assessed	  as	  a	  count	  of	  fragments	  in	  each	  lane.	  The	  evenness	  (J)	  is	  an	  index	  that	  quantifies	  how	  even	  the	  species	  distribution	  is	  within	  a	  community;	  in	  this	  study	  it	  is	  used	  to	  compare	  the	  intensity	  of	  the	  PCR	  bands	  within	  one	  lane.	  It	  is	  calculated	  as	  follows:	  J	  =	   !!!"#	  	  where	  H	  is	  the	  calculated	  Shannon	  entropy,	  and	  Hmax	  is	  the	  maximum	  value	  of	  entropy,	  calculated	  as	  Hmax	  =	  ln	  S	  (Mulder	  et	  al.,	  2004).	  Both	  the	  diversity	  measures	  were	  evaluated	  by	  the	  type	  of	  mineral,	  amount	  of	  light,	  amount	  of	  carbon	  and	  salinity.	  	  The	  working	  hypothesis	  and	  the	  null	  hypothesis	  for	  the	  model	  was	  that	  diversity	  (measured	  separately	  as	  effective	  diversity,	  fragment	  richness	  and	  evenness)	  is	  the	  function	  of	  mineral	  composition	  (a),	  location	  of	  the	  site	  (b),	  salinity	  (c),	  amount	  of	  sunlight	  (d),	  and	  vegetation	  carbon	  input	  (e):	  (D	  =	  f(a,	  b,	  c,	  d)).	  The	  model	  itself	  will	  be	  tested	  using	  the	  hypothesis	  that	  the	  variation	  between	  treatments	  is	  	  	   H1:	  σ(D)	  ≠	  0	  	  H0:	  σ(D)	  =	  0	  	  	  
	  	  
 




Statistical	  Analysis	  	  To	  test	  the	  hypotheses,	  multivariate	  regression	  analysis	  was	  performed	  using	  SAS	  Enterprise	  ver.	  4.3,	  with	  fragment	  richness	  (S),	  effective	  diversity	  (D),	  and	  evenness	  (J)	  as	  the	  dependent	  variables.	  The	  treatments	  were	  set	  up	  as	  binary	  indicator	  variables:	  minerals	  (calcite	  being	  the	  reference	  variable	  against	  which	  the	  change	  of	  diversity	  on	  other	  minerals	  was	  compared);	  location	  of	  the	  site	  (hotel	  well	  as	  reference),	  salinity	  (saline	  water	  as	  reference),	  light	  (no	  light	  as	  reference),	  or	  carbon	  input	  from	  vegetation	  (no	  carbon	  input	  as	  reference).	  The	  individual	  minerals	  were	  also	  evaluated	  across	  the	  water	  column.	  The	  test	  results	  were	  evaluated	  for	  heteroskedasticity,	  leveraging	  and	  outliers.	  White’s	  test	  was	  used	  to	  evaluate	  the	  results	  for	  heteroskedasticity;	  when	  heteroskedasticity	  was	  detected,	  it	  was	  corrected	  by	  using	  the	  heteroskedastic	  consistent	  covariance	  matrix	  with	  recalculated	  t-­‐values.	  Collinearity	  was	  assessed	  by	  variance	  inflation	  value,	  where	  values	  greater	  than	  10	  would	  indicate	  collinearity	  problem.	  For	  leveraging	  and	  outliers,	  the	  data	  were	  evaluated	  to	  see	  whether	  any	  of	  the	  residual	  values	  lie	  outside	  the	  ±3	  standard	  deviations	  from	  the	  mean.	  	  
Mineral	  Surface	  Analysis	  	  The	  slides	  containing	  mineral	  crystals	  with	  biofilm	  were	  placed	  in	  -­‐80°C	  freezer	  until	  most	  of	  the	  water	  from	  the	  specimen	  had	  evaporated.	  The	  drying	  was	  completed	  in	  the	  desiccation	  chamber	  for	  up	  to	  two	  weeks.	  The	  slides	  were	  sputter	  coated	  with	  40/60	  
	  	  
 
191	  gold-­‐palladium	  mix	  for	  105	  seconds	  at	  2.5	  kV,	  using	  the	  Denton	  Desk	  II	  Vacuum	  Coater.	  The	  slides	  were	  observed	  with	  the	  Jeol	  JSM-­‐5610LV	  Environmental	  Scanning	  Electron	  Microscope,	  coupled	  with	  Energy	  Dispersive	  Spectrometer.	  At	  least	  three	  crystals	  were	  scanned	  for	  each	  mineral.	  The	  mineral	  surfaces	  were	  evaluated	  for	  the	  presence	  and	  relative	  thickness	  of	  biofilm	  (if	  no	  mature	  biofilm	  was	  observed,	  then	  for	  the	  presence	  of	  any	  extracellular	  polymeric	  substance	  layer	  on	  the	  surface),	  for	  the	  presence	  of	  individual	  bacteria,	  diatoms	  (intact	  or	  fragments),	  pronounced	  surface	  etching,	  precipitation	  of	  secondary	  minerals,	  and	  other	  changes	  to	  the	  mineral	  surface	  that	  do	  not	  fit	  under	  the	  previous	  categories.	  	  	  
Results 
 
DNA Extraction and PCR 
 
Due to unexplainable circumstances, the following mineral traps were lost during the four-
month incubation time in the water: chalcocite in Xcolac freshwater layer; and apatite, 
chalcocite, chalcopyrite, dolomite, hematite, magnetite, pyrite, pyrrhotite and sphalerite from 
Calica freshwater layer. For the rest of the samples, biofilm DNA was extracted from the 
loose minerals in the microbial traps and quantified. Upon visual inspection of the mineral 
crystals as they were removed from the traps, it was notable that the surfaces of siderite 
samples from the reducing environments (interface and saline layers) had turned soft and 




crust (ferrihydrate); however, this was not observed on the other Fe2+ minerals. While the 
weight of mineral crystals used for DNA extraction was between 0.3 to 0.4 grams as 
suggested by protocol, the unevenness of the mineral crystal sizes and mineral weights makes 
it impossible to compare the extracted DNA amount across the minerals.  
 
The RAPD PCR was performed using the extracted DNA. The following DNA samples could 
not be amplified even after repeated DNA purifications and modification of the amount of 
DNA used in the reaction: siderite from the interface of Xcolac, Calica and hotel well; siderite 
from the saline layer of Xcolac and Calica; magnetite from the interface of Calica, and 
magnetite from the saline layers of Xcolac and Calica. The rest of the samples are included in 
the fingerprint analysis.  
 
Microbial Diversity in the Biofilm 
 
Community diversity was assessed as amplified fragment richness (S), effective diversity (D), 
and evenness (J). The calculated diversity metrics values can be found in the supplemental 
data. Linear regression analysis was performed to test the model of whether the diversity was 
dependent on the environmental variables. The analysis was performed to look at effect of the 
variables on all the samples as well as on the three salinity levels and on all the minerals 
separately. The overview of the diversity trends is summarized in the table 20 with a detailed 

























S Low light, saline 
 
none Hotel well none 
J none 
 














S High light 
 
none None none 
J none 
 
none Dolomite none 
 
 
Table 20: Overall diversity trends in biofilm diversity as a response to environmental 
variables and minerals. 
 
Diversity Trends in All Samples 
 
The first test evaluated whether there is a significant difference between the effective diversity 
values as a response to the explanatory variables (mineral, location of the site, salinity, 
relative amount of sunlight and vegetation carbon input). The results are summarized in table 
21.  
 
Source d.f. Sum of Squares Mean Square F p 
Model 15 2887.90488 192.52699 3.59 <0.0001 
Error 120 6439.31280 53.66094   
Total 135 9327.21767    
 






The critical value (d.f. 15, 120) is 1.94. Based on these results (Fcalc >Fcritical, α=0.05), the H0: 
σ(D) = 0 is rejected. The adjusted R2 for the model is 0.2233.  
 
Looking at the regression equation predictions for the effective diversity, significant 
difference in the change of diversity is seen in the case of the minerals chalcocite, pyrite, 
pyrrhotite and sphalerite. Additionally, change is also seen in the case of high light 
environments. For the biofilm growing on chalcocite (p = 0.012), the effective diversity is 
predicted to be 7.34 points higher than on calcite. For biofilm on pyrite (p = 0.03), the 
effective diversity is predicted to increase by 5.78 points, for pyrrhotite (p = 0.013) the 
predicted increase is 6.94, and for sphalerite (p = 0.014), the value is predicted to increase by 
6.84 points. For high light conditions (p = 0 023), the effective diversity is expected to be 4.03 
points smaller than in no light environment. All the tests were 2-tailed, with the critical t-
value of 2.02. 
 
The second test was performed with fragment richness (S) as dependent variable. The results 
are summarized in table 22. 
 
Source d.f. Sum of Squares Mean Square F P 
Model 15 9007.43027 600.49535 6.90 <0.0001 
Error 120 10444 87.03416   
Total 135 19452    
 





The critical value (d.f. 15, 120) is 1.94. Based on these results (Fcalc >Fcritical, α=0.05), the H0 : 
σ(D) = 0 is rejected. The adjusted R2 for the model is 0.396. The Chi-square test does indicate 
heteroskedasticity. Testing for heterskedasticity: H0: the error distribution is homoskedastic 
(Variance of error = σ2) for all the treatments. χ2 value at α=0.01 was 91.14, with d.f. of 60 
and probability of 0.005, therefore reject H0. This problem was corrected by using the 
heteroskedastic consistent covariance matrix with recalculated t-values 
Looking at the regression equation predictions for the fragment richness, no significant 
difference in the change of diversity is seen in the case of the minerals; however, the 
difference was clearly seen in the case of environmental variables. For the fragment richness 
in the high light conditions (p < 0.0001), the predicted fragment richness was -16.68 points 
lower than in no light environment, while in the low light light environment (p < 0.0001), the 
predicted richness was 19.32 points higher than in the no light environment. The predicted 
fragment richness values were 3.29 points higher in the saline layer (p < 0.0001) than in the 
freshwater zone. The regression analysis was performed using heteroskedastic consistent 
covariance matrix. All the tests were 2-tailed, with the critical t-value of 2.02. 
The third test was performed with evenness (J) as dependent variable. No significant change 
in evenness was observed as a response to the minerals, location of the site, salinity, and 








Diversity Trends in the Freshwater, Interface and Saline Layers 
 
Additionally, the statistical analysis was also performed on the different salinity layers 
(freshwater, interface, and saline layer) separately to assess whether any of the minerals had 
significant impact on the diversity in any of the salinity levels and not on the others. At the 
freshwater zone, the results were significant when diversity was measured as effective 
diversity and evenness, but not as fragment richness. At the interface zone the results were 
significant in the case of fragment richness and evenness, but not in the case of effective 
diversity. There was no statistical difference between any of the diversity values in the saline 
layer. The regression results are indicated below the ANOVA tables. 
 
Significant difference in the change of diversity was observed in the aerobic zone (tables 23 
and 24). Looking at the regression equation predictions for the effective diversity in the 
freshwater zone, significant difference in the change of diversity is seen in the case of  the 
minerals chalcocite, magnetite, pyrite, pyrrhotite, siderite and sphalerite, as well as in Cenote 
Xcolac. For the diversity in the biofilm, all these minerals showed an increased predicted 
diversity value as compared to calcite: chalcocite (p = 0.046) the predicted value was 13.24 
points higher, for magnetite (p = 0.01) it was 12.89, for pyrite (p = 0.02) 12.52, pyrrhotite (p = 
0.004) 15.66, siderite (p = 0.01) 12.84, and sphalerite (p = 0.002) 16.16 points higher. The 
predicted effective diversity value for Cenote Xcolac (p = 0.007) was 6.59 points higher than 












Table 23: ANOVA table for freshwater zone with effective diversity as dependent variable. 
 
The critical value (d.f. 11, 30) is 2.46. Based on these results (Fcalc >Fcritical, α=0.05), the H0 : 







Table 24: ANOVA table for freshwater zone with evenness as dependent variable. 
 
The critical value (d.f. 9, 42) is 2.35. Based on these results (Fcalc >Fcritical, α=0.05), the H0 : 
σ(D) = 0 is rejected. The adjusted R2 for the model is 0.1942.  
Looking at the regression predictions for the evenness in the freshwater, significant difference 
in the change of diversity is seen in the case of  the minerals pyrrhotite and sphalerite. For the 
diversity in the biofilm, all these minerals showed an increased predicted diversity value as 
compared to calcite: pyrrhotite (p = 0.0345) the predicted value was 0.108 points higher, and 
in the cause of sphalerite (p = 0.0266) the predicted value was 0.113 points higher. 
 
Source d.f. Sum of Squares Mean Square F p 
Model 11 1642.70927 149.33721 2.85 0.0113 
Error 30 1573.69013 52.45634   
Total 41 3216.39940    
Source d.f. Sum of Squares Mean Square F p 
Model 9 0.15858 0.01762 2.37 0.0290 
Error 42 0.31281 0.00745   




At the interface level, there was no significant difference observed in the effective diversity 
values as a response to environmental conditions or minerals (table 25). However, there was a 
significant effect to the fragment richness and evenness values (tables 26 and 27). Fragment 
richness showed significantly reduced predicted richness values at the cenotes Calica and 
Xcolac, where Calica (p < 0.0001) had the predicted richness 14.96 points lower, and Xcolac 
(p = 0.005) had it 6.48 point lower than the hotel well at the interface level. The regression 
predictions for the evenness shows significant difference in the change of diversity in the case 
of  dolomite as well as in the Cenote Xcolac. For the diversity in the biofilm, dolomite (p = 
0.007) showed an decreased predicted evenness value  0.0973 points lower than calcite; 









Table 25: ANOVA table for interface with effective diversity as dependent variable. 
 
The critical value (d.f. 11, 75) is 2.17. Based on these results (Fcalc >Fcritical, α=0.05), we fail to 





Source d.f. Sum of Squares Mean Square F P 
Model 11 7146.17692 649.65254 0.90 0.543 
Error 75 54040 720.53240   









Table 26: ANOVA table for interface with fragment richness as dependent variable. 
 
The critical value (d.f. 11, 75) is 2.17. Based on these results (Fcalc >Fcritical, α=0.05), the H0 








Table 27: ANOVA table for interface with evenness as dependent variable. 
 
The critical value (d.f. 11, 46) is 2.17. Based on these results (Fcalc >Fcritical, α=0.05), the H0 







Source d.f. Sum of Squares Mean Square F p 
Model 11 3196.44312 290.58574 3.77 0.0003 
Error 75 5783.23504 77.10980   
Total 86 8979.67816    
Source d.f. Sum of Squares Mean Square F p 
Model 11 0.14447 0.01313 3.68 0.0009 
Error 46 0.16406 0.00357   




Diversity Trends in the Biofilm on Individual Minerals 
 
Additionally, the biofilm diversity on individual minerals was assessed, looking at how the 
environmental conditions influenced the diversity on the same mineral across the sampling 
sites and conditions. Only the location of the site (cenotes Xcolac and Calica as compared to 
hotel well) and salinity (interface and saline layers as compared to freshwater layer) were 
used as explanatory variables. Four minerals – apatite, chalcocite, chalcopyrite, and pyrite – 
did not display any significant change in biofilm diversity across the different sites and 
salinity layers. Because magnetite and siderite did not give satisfactory PCR amplification, 
these minerals were excluded from this part of the analysis. The overview of the diversity 
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Table 28: Diversity trends in biofilm on individual minerals as a response to environmental 




On calcite (the control mineral), the fragment richness showed significantly reduced diversity 
value while effective diversity and evenness showed significantly increased value in the 
interface layer as compared to freshwater layer (table 29). The predicted effective diversity 
value in the interface (p = 0.035) was 14.20766 points higher than in the freshwater layer; the 
predicted fragment richness value (p = 0.0314) was 20.75 points lower; and the predicted 
evenness value (p = 0.0025) was 0.22676 points higher. Additionally, fragment richness was 
reduced at Cenote Calica (p = 0.038) with the predicted value 15.25 points lower than at the 
hotel well. The effective diversity was also higher in the saline layer (p = 0.039) with the 
predicted value 13.81184 points higher than in the freshwater layer. The evenness values were 
higher in the saline layer (p = 0.0029) with the predicted value 0.22184 points higher than in 
the freshwater zone, and in the Cenote Xcolac (p = 0.0476) with the predicted value 0.09743 









Table 29: ANOVA table for calcite with evenness as dependent variable. 
 
The critical value (d.f. 4, 9) is 4.72. Based on these results (Fcalc >Fcritical, α=0.05), the H0 σ(D) 
= 0 is rejected. The adjusted R2 for the model is 0.5358.  
 
Source d.f. Sum of Squares Mean Square F p 
Model 4 0.06863 0.01716 4.75 0.0245 
Error 9 0.0325 0.00361   




The biofilm on dolomite does not show any significant change between the environments in 
the case of effective diversity and evenness. The fragment richness is slightly reduced (p = 
0.0489) in Cenote Calica, with the predicted value 16.00 points lower than in the hotel well. 
The biofilm on hematite also does not show any change in diversity in the case of effective 
diversity and evenness. Fragment richness is significantly decreased in the interface and saline 
layers. The predicted fragment richness in the interface layer (p = 0.0153) is 27.75 points 
lower than in the freshwater zone. The predicted fragment richness value for the saline layer 
(p = 0.0217) is 25.75 points lower than in the freshwater zone. 
 
The biofilm on pyrrhotite does not show any significant change in diversity in the case of 
effective diversity and evenness. Fragment richness is significantly smaller in Cenote Calica 
(p = 0.0121), with the predicted value 21.75 points smaller than in the hotel well. 
 
The biofilm diversity on sphalerite is significantly decreased in Cenote Calica in the case of 
effective diversity and fragment richness. The predicted effective diversity values in Calica (p 
= 0.0204) are 10.94135 points lower, and the predicted fragment richness value in Calica (p = 
0.0308) is 19.00 points lower than in the hotel well. In the case of evenness, the significant 
change in diversity is predicted by the model (table 30); however, the variables used (site 
locations and salinity levels) fail to account for the change in significance level. The 
regression analysis was re-run using the amount of light as explanatory variable (relatively 




light conditions (p = 0.0076) had the predicted evenness values 0.07136 points lower than in 






Table 30: ANOVA table for sphalerite with evenness as dependent variable and site location 
and salinity as explanatory variables. These variables fail to explain the significance of the 
model. 
 
The critical value (d.f. 4, 9) is 4.72. Based on these results (Fcalc >Fcritical, α=0.05), the H0 σ(D) 








Table 31: ANOVA table for sphalerite with evenness as dependent variable and relative light 
input levels as explanatory variables. 
 
The critical value (d.f. 4, 9) is 5.26. Based on these results (Fcalc >Fcritical, α=0.05), the H0 σ(D) 
= 0 is rejected. The adjusted R2 for the model is 0.4785.  
 
The statistical results were evaluated for common problems, and the appropriate measures 
were taken to correct for errors. If heteroskedasticity was detected, the test results and 
corrective were indicated with the tables. Collinearity was assessed by variance inflation 
Source d.f. Sum of Squares Mean Square F p 
Model 4 0.02177 0.00544 4.88 0.0228 
Error 9 0.01005 0.00112   
Total 13 0.03181    
Source d.f. Sum of Squares Mean Square F p 
Model 2 0.01777 0.00889 6.96 0.0111 
Error 11 0.01404 0.00128   




value, and all the values were found to be less than 10 (the largest observed value was 4.02). 
For leveraging and outliers, the data were evaluated to see whether any of the residual values 
lie outside the ±3 standard deviations from the mean. For effective diversity, two values were 
found to be farther than three standard deviations from the mean, but not greater than four, 
and the values were not removed. For the fragment richness, only two values were found to be 





The combined binary matrices from the two primers were used to construct the trees using 
Neighbor Joining method, showing the clustering of mineral biofilm communities that are 
similar in their DNA fingerprint. Calcite, which is the natural bedrock in the cenotes was 
specified as outgroup. Two sets of trees are shown for each sample, one by the type of mineral 
and the other by the metal cation (and the phosphate anion). The statistical support was 
obtained using Jackknife resampling method (1000 pseudoreplicates), and the values above 
50 are displayed on the branches. The overall lack of Jackknife support is likely also caused 
by a relatively small number of total characters (indicated with the Figures) in the binary 
matrix.  
 
Surprisingly little conclusive information was obtained from the beta diversity analysis, 




metals (Fe2+, Cu2+ and Zn2+) cluster together in the saline zone (Figure 48 and 49), while no 
such clustering is obvious from the freshwater zone (Figure 43 and 44), and only some 
evidence of it can be seen at the interface zones (Figure 45, 46 and 47). Similarly, minerals 
containing trivalent iron (Fe3+) cluster together in the saline zone, but not in the interface and 
freshwater zone. It is also interesting to note that these minerals in both cases cluster with 
dolomite that should not preferentially attract any specific microbial populations. Saline zone 
is also showing the more jackknife support for the clusters than either the interface or 
freshwater zones. Looking at the sites individually, copper-containing minerals are also 
clustering at the interface level in Cenote Calica (Figure 46).  
 
Similarly, looking at the clustering by the type of the mineral (sulfide, oxide, carbonate, 
phosphate), the clustering is seen in the saline zone with sulfide minerals, but not by other 
types of minerals (Figure 48 and 49). In the hotel well that does not have a well-established 
saline zone, sulfide mineral clustering is seen in the interface level (Figure 47); the other sites 










Figure 43: Neighbor joining diagram of the community similarities in the freshwater layer of 
Cenote Xcolac, organized by the specific metal of interest (a), and the type of the mineral (b); 
the total number of characters included in the analysis was 517.  
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Figure 44: Neighbor joining diagram of the community similarities in the freshwater layer of 
the hotel well, organized by the specific metal of interest (a), and the type of the mineral (b); 









Figure 45: Neighbor joining diagrams of the community similarities in the interface layer of 
Cenote Xcolac, organized by the specific metal of interest (a), and the type of the mineral (b); 























Figure 46: Neighbor joining diagrams of the community similarities in the interface layer of 
Cenote Calica, organized by the specific metal of interest (a), and the type of the mineral (b); 
























Figure 47: Neighbor joining diagrams of the community similarities in the interface layer of 
hotel well, organized by the specific metal of interest (a), and the type of the mineral (b); total 


























Figure 48: Neighbor joining diagrams of the community similarities in the saline layer of 
Cenote Xcolac, organized by the specific metal of interest (a), and the type of the mineral (b); 























Figure 49: Neighbor joining diagrams of the community similarities in the saline layer of 
Cenote Calica, organized by the specific metal of interest (a), and the type of the mineral (b); 
total number of characters included in the analysis was 388.  
 
 
Biofilm, EPS, and Individual Bacterial Cells 
 
Most minerals displayed at least some degree of organic slime covering (or EPS). In some 
cases, the slime cover was very occasional, restricted to few isolated spots on the mineral 
surface, or associated with diatoms. In other cases, the slime layer was an extension of well-
developed thick biofilm, covering large areas on the mineral surface. The chalcocite sample 
from Calica saline layer seems to have no slime covering at all, while the calcite samples from 




The amount of mature biofilm (thick covering that displays the EPS, associated bacterial cells, 
and usually embedded elements, such as secondary minerals, suspended solids from the water 
column, and diatoms) varies between the minerals and the sites much more than the presence 
of slime. Looking at all the samples across the sites, the mature biofilm is present on all the 
apatite samples and most chalcopyrite samples, while it is completely absent from the siderite 
samples, and only on one sample each of pyrite, pyrrhotite, and hematite (Figure 50). 
Comparison of the sites shows that mature biofilm is present on most samples from Cenote 
Calica, but only few samples from the hotel well (Figure 51). However, comparing the levels 
of salinity, the biofilm is present at almost equal frequency in the fresh, interfce and saline 





Figure 50: Frequency of biofilm observed on all mineral samples, taking into account the 
missing minera samples (chalcocite in Xcolac freshwater, apatite, chalcocite, chalcopyrite, 
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Figure 51: Frequency of biofilm observed across the three sites, taking into account the 







Figure 52: Frequency of biofilm observed across the salinity gradient, taking into account the 
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Several diatom genera can be identified from the samples of Xcolac and Calica, while no 
diatoms are present in the hotel well. Diatoms occur in large aggregates as part of biofilm, or 
individually; they are often associated with bacteria and slime (Figure 55 and 56). Although 
many of the diatoms present are degraded or partially buried in the biofilm, four basic genera 
or groups that can be identified by their morphology are Cocconeis, Stephanodicus/Cyclotella 
(sometimes hard to distinguish because the cells are obscured by biofilm), Navicula, and 
Chaetoceros (Figure 57). Chaetoceros is present only in Calica. Stephanodicus and Cyclotella 
are the most common diatoms present at both sites. Overall, diatoms are present on all the 
samples of dolomite, pyrite, siderite and sphalerite; the most diverse diatom presence (at least 
3 out of the selected four groups present on most samples) is seen on apatite, calcite, and 
dolomite. The least presence of diatoms is seen on chalcocite, chalcopyrite, and hematite 













Figure 54: Frequency of diatoms observed on samples from Xcolac and Calica, taking into 












































Stephanodiscus/Cyclotella	   Cocconeis	  
Navicula	   Chaetocerus	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Figure 55: Diatoms on the minerals, A) as individual, unassociated organisms (Calica, 
interface, sphalerite); B) associated with bacteria in developing biofilms (Calica, saline, 
hematite), and C) embedded in the matrix of mature biofilm (Calica, interface, apatite). 
Figure 56: Diatoms often occur in clumps or as part of biofilm. Sometimes the diatoms 
appear to be part of the biofilm (A and B, freshwater zone at Calica, on siderite), although 
more typically, these assemblages contain just fragments or empty frustules (C and D, 






Figure 57: The four groups of diatoms identified from the mineral surfaces: A Cocconeis; B 





As expected, the surface etching was most pronounced on iron-containing minerals, although 
few non-iron containing minerals showed pronounced or little surface etching as well (Figure 
58). Of non-iron containing minerals, surface etching is only seen on the following samples: 
apatite (little surface etching on freshwater and interface layers in hotel); dolomite 
(pronounced surface etching in Xcolac, interface); chalcocite (pronounced surface etching in 




and calcite (little surface etching in Xcolac saline layer). No surface etching was seen on 
sphalerite and hematite, only one sample (Xcolac, freshwater) showed little surface etching on 
pyrite, and one sample (Xcolac, freshwater) showed surface etching on chalcopyrite. Most 
surface etching was seen on magnetite, pyrrhotite, and siderite. The findings are summarized 




Figure 58: Surface etching on magnetite, dolomite and chalcopyrite. Magnetite from 
freshwater zone at Xcolac (A) and the comparison of unmodified control mineral (B); 
dolomite from interface zone at Xcolac (C) and unmodified dolomite (D); chalcopyrite from 
freshwater zone at Xcolac (E) and unmodified chalcopyrite (F).  
 
Looking at the redox conditions, most surface etching was seen at the interface layer, which is 
expected since both chemical and microbe-mediated oxidation and reduction reactions (i.e. 
sulfate reduction and sulfide oxidation) can take place in this narrow zone. Site-wise, minerals 




be biased, since Calica was missing most of the freshwater samples, and the hotel well has no 
well-established saline layer 
 




















Xcolac Chalcopyrite Pyrite Chalcocite Magnetite Pyrrhotite Calcite 
 Magnetite Pyrrhotite Dolomite Siderite Siderite  
 
 
 Siderite Pyrrhotite    
Calica none none Chalcocite Magnetite Magnetite Siderite 
 
 
  Pyrrhotite Siderite Pyrrhotite  
Hotel Magnetite Siderite none Apatite None none 
  Apatite  Chalcocite   
    Magnetite   
    Pyrrhotite   
 
Table 32: Observed surface etching distribution on the minerals.  
 
 
Secondary Mineral Precipitation: Copper 
 
Precipitation of secondary copper mineral was observed on chalcocite and chalcopyrite, and 
on one occasion (Calica, saline layer) also on dolomite. The crystals formed on chalcocite are 
overall much smaller as not well-defined as the crystals formed on chalcopyrite (Figure 59 
and 60). The crystals themselves appear as hexagonal plates, arranged often in in rosette-like 
aggregates (Figure 61) or, in the case of the aggregate on dolomite, as foliated structures in 




sulfur (Figure 61 and 63); occasionally a signal of oxygen and iron is seen, although this may 





Figure 59:  Copper sulfide crystals on chalcocite are small and numerous, often covering the 

















Figure 60: Copper sulfide crystals on chalcopyrite are overall larger than the crystals on 






















Figure 61: The predominant morphology of the individual crystallites is hexagonal plates. No 






Figure 62:  Occasionally, oxygen is detected as part of the crystal composition, although that 












Figure 63: Copper sulfide crystals on dolomite. Note the crystal morphology that differs from 
the copper sulfide precipitation on both chalcocite and chalcopyrite while the EDS element 
map still shows only copper and sulfur. 
 
Secondary Mineral Precipitation: Sulfur 
 
Precipitation of colloidal sulfur globules was observed in the saline layer of cenotes Calica 
and Xcolac on hematite, magnetite, and siderite, with the globular colloids being considerably 
larger and more numerous on siderite than on the iron oxides. No sulfur globules were 
observed on the minerals in the hotel well. The size of sulfur granules is variable, from 
submicron size through over 30 µm in diameter with the average size ranging from 5-10 µm 
in diameter (Figure 64). In most cases, the sulfur granules are associated with bacteria and 





	    	  
Figure 64: Sulfur granules on siderite surface from the saline layer of Xcolac (A) and Calica 
(B). 
 
Secondary Mineral Precipitation: Iron Sulfide 
 
Precipitation of pyrite was seen mainly as framboidal pyrite (Figure 65), and occasionally as 
globular pyrite. With one exception, framboidal pyrite precipitation was only observed in the 
interface layer, and none was observed in Cenote Calica. The only sample outside the 
interface layer that had framboidal pyrite present was magnetite in freshwater layer of the 
hotel well. Some of the framboids had more noticeable EPS covering their outer surface 
(Figure 66), although the lack of EPS layer may be a sample processing artifact. Framboids 
observed on hematite at the interface of Xcolac differed considerably from the other 
framboids by infilled spaces between the crystallites, and could only be identified as 
framboids with EDS scanning (Figure 67). In some cases, the framboids seem to be degrading 
and sometimes loose aggregates of crystallites were seen next to fully formed framboids 
































Figure 67: Framboids with no definitive crystallite structure in Xcolac, interface, hematite 
(A), compared to framboids with well-defined crystallites in hotel interface, magnetite (B). 
EDS analysis identifies the composition of the structures as iron sulfide (C). Note the larger 



























Figure 68: Degrading framboidal pyrite at the interface in Xcolac on siderite (A). Loose 
pyrite crystallite aggregates next to fully formed framboids at the interface level in hotel well 
on pyrrhotite (B). 
 
The predominant crystallite morphology is pyritohedral with few framboids displaying 
octahedral crystallites, and one framboid from the interface layer in the hotel well on pyrite 
seems to have cuboidal crystallites. The size of the crystallites is relatively uniform, ranging 
from 0.2-1 µm in diameter, with very few crystallites outside that range. There was more 
variability in the framboid size, ranging from 0.5-28 µm in diameter; the framboid size 


























Hotel well, interface 9 6-18 8-10 11.0 3.7 
Chalcopyrite 
 
Hotel well, interface 8 4-11 6-8 7.2 2.0 
Dolomite 
 
Xcolac, interface 2 3 3 3 - 
Hematite Hotel well, interface 4 2-4 2-4 3 1.2 
 
 
Xcolac, interface >100 14-22 16-18 17.8 1.4 
Magnetite Hotel, freshwater 1 8 8 8 - 
 
 
Hotel well, interface >100 0.5-18 4-6 5.2 3.6 
Pyrite 
 
Hotel well, interface 1 4 4 4 - 
Pyrrhotite 
 
Hotel well, interface >100 0.5-14 2-4 3.8 1.9 
Siderite Hotel well, interface >100 0.5-28 4-6 4.2 2.4 
 Xcolac, interface 5 12-14 12-14 13.6 1.3 
 
 





























The globular aggregates were observed mainly in the interface but also on some samples in 
the saline layer. Unlike the framboids, globular pyrite was also seen on three samples in 
Calica. The size of the pyrite globules ranges from <0.5-4 µm with the majority of the crystals 
ranging from 0.5-2 µm (Figure 70). Globular pyrite can be seen at the interface in Xcolac on 
dolomite, magnetite, pyrite, pyrrhotite, and siderite; in saline layer of Xcolac on chalcocite 
and magnetite; at the interface of Calica on pyrrhotite; and in the saline layer of Calica on 
hematite and magnetite. It is possible that globular pyrite is also present on other samples 























Microbial Diversity in Mineral Biofilm 
 
The diversity of microbial communities in aqueous environments depends on various 
environmental factors such as temperature, pH, nutrient availability, redox potential, and 
many others. Outside of the extreme environments, such as very high or low pH or 
temperature where few highly specialized microbes are dominating the niche, microbial 
community diversity is expected to follow the same rules as in traditional ecology, where 
more diversity means higher productivity of the ecosystem. Since microbes form the basis of 
all the major nutrient cycles, it is important to monitor the changes in the microbial 
populations as an indicator of environmental health. It is equally important to evaluate 
whether any changes could enhance or diminish the activities and diversity of native 
microbial communities. In this study the goal was to establish whether the addition of selected 
minerals into the groundwater had an effect on the microbial populations, whether this effect 
was uniform across the sites and conditions, and whether environmental variables such as 
light or redox potential had greater effect on the community diversities than the minerals.  
 
Of the three diversity measures, only the effective diversity responded almost exclusively to 
the addition of minerals, and did not vary significantly from site to site. The change in 
fragment richness, however, was always due to the different environmental conditions or 
location, and not addition of minerals. This suggests that while the number of different 




to the geochemistry of the water (addition of minerals) is seen as change of abundance in 
specific microbial groups. It also suggests that under these conditions, the effective diversity 
value may be the most useful measure to rapidly track changes in the microbial communities 
as a response to outside chemical input.  
 
Overall, microbial diversity in the cenotes was mainly influenced by two factors – iron-
containing minerals result in the most increase (effective diversity), and the presence of 
sunlight result in the most decrease (both effective diversity and fragment richness values). 
Very little difference is seen between the three sites, although this may be caused by the lack 
of sensitivity of the RAPD fingerprint method, since somewhat different results were seen in 
the first part of this dissertation, based on the DNA sequence data. However, both RAPD 
fingerprint and sequence data agree that the diversity differences between the fresh, saline, 
and fresh-saline interface layers are in most cases negligible.  
 
Of the environmental variables, samples affected by high amount of sunlight had significantly 
lower effective diversity than the sites with no sunlight input. Sunlight, especially its lower 
wavelength UV radiation fraction, is known to have an inhibitory effect on heterotrophic 
bacterial growth in aquatic systems. Multiple studies have observed this effect both in marine 
and freshwater ecosystems (Alonzo-Saez et al., 2006; Sommaruga et al., 1997; Lindell, 
Graneli, and Tranvik, 1996). Therefore it is expected that high sunlight input sites would have 
an overall lower effective diversity, and those sites are expected to be dominated by 




samples from Cenote Calica, the presence of a significant cyanobacterial fraction as well as 
overall lower diversity in Calica is also seen in the sequencing results in first part of this 
dissertation. 
 
Similarly, the fragment richness was decreased in high light environments. This supports the 
conclusion that the anoxic high light environments are dominated by few specialized 
microbial groups that can thrive in the UV radiation exposed niche. The light input had no 
significant overall effect on the evenness value, indicating that the cenotes are well-
established and stable aquatic systems where a few dominant organisms are relatively evenly 
distributed and balanced. 
 
Of the minerals, the ones containing ferrous iron (Fe2+) had expectedly the most impact on the 
microbial diversity, considering the lack of iron in the groundwater. This effect was most 
pronounced in the freshwater where magnetite, pyrite, pyrrhotite, siderite and sphalerite all 
showed increased diversity indices. Although all bacteria (with the exception of lactobacilli) 
require iron for living, and are expected to benefit from the addition of iron into the 
groundwater, the majority of the change is likely coming from the iron bacteria that use iron 
either as electron donors or recipients during respiration. 
 
Iron is a reactive element that can easily be converted between Fe2+ and Fe3+, and the iron 
bacteria will cycle iron between the two oxidation states. Dissimilatory iron metabolism is 




reducing bacteria use Fe3+ as their electron acceptor during respiration, converting it into Fe2+. 
These microbes are relatively common in aqueous environments. However, in the anoxic 
sulfidic water, large portion of iron will not be available for microbial metabolism as it 
precipitates out as iron sulfide. This may explain why addition of iron minerals has significant 
effect in the freshwater zone and not in the saline and interface zones.  
 
Dissimilatory iron reducing bacteria are common in most marine and freshwater 
environments, and only under high sulfate environments (i.e. the Yucatan cenotes) is sulfate 
reduction more common than ferric iron reduction (Straub, Benz, and Schink, 2001; Fortin, 
Ferris, and Beveridge, 1997). In addition to bacterial iron reduction, ferric iron compounds 
can also be reduced by reduced humic acids. The presence of microbes that reduce humic 
acids will contribute to dissimilatory iron reduction (Straub, Benz, and Schink, 2001). 
Because the cenotes are highly sulfidic, bacterial iron reduction is not likely playing a major 
part in this environment. This explains the results showing no significant increase in the 
diversity indices in the reducing layers of the water. 
 
Ferrous iron oxidation happens mostly in the aerobic zone of the water where the conditions 
for iron oxidation coupled with oxygen reduction at circumneutral pH are thermodynamically 
favorable (Hedrich, Schlöman, and Johnson, 2011). Although the iron oxidizing bacteria, 
especially those that are nitrate-dependent, are expected to grow near or at the oxic/anoxic 
interface to avoid abiotic iron oxidation, the increase in diversity on iron minerals was only 




is too high, and that most of the iron from the minerals will be bound to sulfide, and not be 
available for microbial metabolism. 
 
In addition to aerobic iron oxidizers, there are also anoxic phototrophic bacteria that oxidize 
ferrous iron anaerobically in the presence of light (Hedrich, Schlöman, and Johnson, 2011). 
While this may suggest that higher diversity of iron oxidizers should be found in the high 
light environment (Cenote Calica), these microbes are known to obtain the iron only from 
softer minerals with less organized crystalline structure, such as siderite, while they cannot 
access iron from minerals with more rigid crystal structure, such as magnetite and pyrite 
(Kappler and Newman, 2004). Unfortunately, the surface erosion of siderite crystals in the 
anoxic environments made it impossible to obtain a functional DNA sample, and it is not 
possible to evaluate whether siderite samples would have shown increased diversity compared 
to pyrite and magnetite.  
 
One particular interest in this case was to compare the microbial interactions with pyrrhotite 
and pyrite. The oxidation rate of pyrrhotite is known to be 20-100 times faster than of pyrite, 
caused likely by the lesser symmetry of the mineral crystals (Belzile et al., 2004). Based on 
this, the diversity and amount of biofilm on pyrrhotite was expected to be greater than on 
pyrite, due to more abundant iron availability. However, there was very little significant 
difference between the two, with both of them showing a significant increase in effective 




higher in the case of pyrrhotite being 6.93 points higher than on calcite and pyrite being 5.87 
points higher than on calcite.  
 
Unfortunately it was not possible to evaluate the effect of ferric iron on the iron reducing 
bacterial communities in the cenotes. While three Fe3+ minerals (chalcopyrite, magnetite and 
hematite) were placed into the mineral traps, only one of them, magnetite, contains only ferric 
iron, while hematite also contains ferrous iron and chalcopyrite contains copper. Similarly to 
siderite, magnetite samples also showed considerable surface erosion in the saline layer (and 
lesser extent in the interface layer), which made it impossible to obtain a functional DNA 
sample. It can only be guessed as to whether these samples would have shown an increased 
diversity due to a higher amount of iron reducing bacteria. 
 
While it was not possible to identify the bacteria in this part of the study, the sequencing 
results in the first part of this dissertation confirm the presence of several genera that include 
iron bacteria. Of the iron reducing bacteria as identified by Weber, Achenbach, and Coates 
(2006), Rhodoferax, Shewanella, Geobacter, Desulfuromonas, Pelobacter, Desulfobulbus, 
Desulfovibrio, Anaeromyxobacter, Alicyclobacillus, Desulfotomaculum, Desulfosporomusa, 
Desulfitobacterium, and Desulfosporosinus were identified in this study. Of the iron 
oxidizers, the genera found in the cenotes include Aquabacterium, Chromobacterium, 
Thiobacillus, Dechloromonas, Azospira, Gallionella, Thermomonas, Marinobacter, and 
Acidithiobacillus. Additionally, the marine iron oxidizing zeta proteobacterium 




may include the iron oxidizing/reducing species, the increase in effective diversity in the 
biofilm of iron-containing minerals likely indicates their presence. 
 
In addition to the iron-containing minerals, sphalerite is also associated with increased 
diversity in the biofilm. Because the sphalerite in this study contains only trace amounts of 
iron (as determined by EDS), the increased diversity may be due to zinc, not iron. While 
microbes require only 10-5-10-7 M zinc concentrations for their optimal growth, and at higher 
concentrations of zinc will have an inhibitory effect on most bacteria (Atmaca, Gül, and 
Cicek, 1998), eukaryotic organisms have a higher number of enzymes that require zinc for 
proper functioning (Andreini et al., 2006). Therefore the increased diversity on sphalerite may 
be caused by the higher numbers of eukaryotes and cyanobacteria in these samples. While it is 
hard to estimate the zinc concentration around the mineral crystals, there is a fine balance 
between sufficient and excessive zinc concentrations in the sphalerite traps, since an excess of 
zinc is toxic to bacteria and eukaryotes alike. 
 
Surprisingly, apatite did not promote a more diverse microbial population. However, since 
phosphate is needed by all microbes under all growth conditions, it might attract all the 
microbes in the water column, and not specific populations. Since phosphorus is abundant in 
the secondary treated wastewater effluent, enough phosphate would reach the groundwater 
microbes through effluent injection wells to supply the native microbes with the nutrient. 
Studies from the Florida Keys, which have a similar geological setting, have shown that 




the carbonate rock, providing the indigenous microbes with a longer term phosphate source 
(Dillon et al., 2003). 
 
Two trends are prevalent in the environmental effect on the biofilm diversity of the individual 
minerals: the decrease of all diversity values on sphalerite biofilm in Cenote Calica (high 
light), and the increase in effective diversity and evenness on apatite biofilm under reducing 
conditions. These results from individual minerals are somewhat in contrast to the overall 
results where addition of sphalerite showed increased biofilm diversity and addition of apatite 
did not.  
 
While decrease in diversity in Calica is also seen on dolomite and pyrrhotite, this is only seen 
in the case of fragment richness, indicating the reduction in different organisms, but not 
necessarily the overall amount of microbes. On sphalerite, however, significant reduction is 
seen across the diversity values, indicating that while the sunlight may have the primary 
diversity-reducing effect, the zinc in sphalerite may further reduce the diversity. Since Calica 
has a high proportion of photosynthetic organisms, this may indicate the reduction in the 
photosynthetic population. It is known that excess zinc does have an inhibitory effect on many 
photosynthetic eukaryotes, such as diatoms (Nguyes-Deroche et al., 2012; Sunda and 
Huntsman, 1996) and green algae (Franklin et al., 2002; Pardos, Benninghoff, and Thomas, 
1998). While many of these aquatic organisms have been known to build up a tolerance to 
zinc in metal-contaminated waters (Admiraal et al., 1999), it is unlikely that zinc resistance is 




likely that while the overall diversity increase on sphalerite may be due to increased presence 
of eukaryotes in the biofilm, the decrease in the high light environment is due to zinc 
sensitivity of the photosynthetic eukaryotes, especially of diatoms that have been shown to be 
more sensitive to metal toxicity (Wong, Chao, and Luxon, 1978).  
 
The increased diversity of apatite biofilm in the saline and interface zones may be caused by 
the differences in relative phosphate release from the mineral under saline and freshwater 
conditions. For example it is known that phosphate release from sediments is highly 
dependent on the ionic strength of the water: phosphate release from saline water sediments 
with high amounts of sulfate is very high, but it’s much lower in oxic wasters with moderate 
sulfate levels, and even lower in oxic water with low sulfate concentration (Caraco, Cole, and 
Likens, 1989). This ionic strength of water may also play a role in phosphate release from 
apatite, with more phosphate being released and available for microbial growth in the saline 




The lack of significant clustering in beta diversity analysis can mean that even combining the 
matrices of two RAPD analyses does not give sufficient information about the differences and 
similarities of the biofilm DNA, or that the method, based only on the presence-absence of the 
bands, is not efficient in capturing these differences. It can also mean that there really isn’t 




the phylogenetic study of the microbial communities in the cenotes also did not yield much 
significant clustering between the sites, salinity levels or other environmental factors, addition 
of minerals does make a significant difference in the microbial communities as is shown in 
the alpha diversity analysis. This indicates that the lack of informative characters together 
with the difference being mainly in abundance of certain fragments, not the presence absence 
may be the best ways to explain this lack of clustering. However, two noteworthy trends in 
beta diversity are present: the separate clustering of bivalent and trivalent metals in the saline 
zone. 
 
The clustering of minerals containing bivalent transition metals (pyrite, pyrrhotite, sphalerite 
and chalcocite) occurs in the saline zone. While this similarity could be due to the iron 
oxidizing microbial population drawn to the iron in pyrite, pyrrhotite and the trace amounts of 
iron in sphalerite, this does not explain the association of chalcocite (Cu2+) with these 
minerals. Although iron, copper and zinc are all essential micronutrients at low 
concentrations, and  while it is known that iron uptake in yeasts is dependent on the presence 
of copper (Blaiseau et al., 2010), it cannot explain this present clustering. Clearly more data 
and further research are needed to draw conclusions about this association. 
 
The clustering of trivalent iron minerals (chalcopyrite and hematite) in the saline zone is 
likely influenced by the presence of iron reducing microbial communities. Unfortunately no 
usable DNA could be extracted from magnetite to see whether these samples would follow 




physical proximity of the dolomite samples (directly between chalcopyrite and hematite in the 
water column). Although care was taken to give the mineral traps sufficient space (40 cm in 
Xcolac, 20 cm in Calica), it is impossible to completely separate the traps in an aqueous 
environment, and the physical proximity may have caused the higher amount of iron reducing 




Biofilms are surface attached microbial communities surrounded by an extracellular 
polymeric matrix (EPS). Growth in a biofilm offers advantages to bacteria, such as resistance 
to adverse conditions, and thus an increased survival rate; the biofilm habit also allows 
creation of microniches for certain metabolic activities. Microbial EPS enhances the surface 
dissolution of minerals by forming soluble ligands with metals, and by altering the mineral 
surface chemistry and charge (Welch and Vandevivere, 1994). Some common microbial 
metabolic products greatly affect the solubility of metals. For example, alginic acid, produced 
by various bacteria and algae, increases calcite dissolution rate from 10-5.5 mol/m2 ·s in the 
absence of alginic acid to 10-4.8 mol m2·s in the presence of it (Perry et al., 2004).  
 
The two factors that had the greatest influence on biofilm formation in this study were light 
and phosphate. While Cenote Calica with its high amount of sunlight had significantly lower 
diversity indices, it also exhibited most biofilm. While high sunlight input is generally 




photosynthetic organisms that thrive in this environment. These biofilms are more likely to 
include both cyanobacteria as well as photosynthetic eukaryotes, such as diatoms and algae, 





Figure 71: The biofilm in Cenote Calica is more diverse, containing cyanobacteria (the 
segmented structures in d), and various unicellular eukaryotes, such as diatoms (A and C), 
filamentous algae and fungal filaments (A, C and D), and an unidentified protozoan (B). 
 
 
The presence of well-developed biofilm on apatite samples likely indicates active bioleaching 
of phosphate from the mineral. Since phosphate is one of the limiting nutrients in most 
aquatic systems, the ability to acquire inorganic phosphate from apatite has allowed a prolific 
microbial community to assemble on the mineral surfaces. Microbial bioleaching of apatite 




eutrophication in places where phosphate-containing rocks are common (Feng et al., 2011). 
The principle of adding phosphate minerals to boost microbial metabolism has been used in 
mining waste waters to aid with bioremediation (Ueshima, Kalin and Fortin, 2003). Since 
phosphate is needed by all microbes under all conditions, it is not surprising to see apatite to 
display most biofilm of all the minerals throughout the sampling sites.  
 
The lack of mature biofilm from siderite samples can be explained by the mineral surface 
erosion as the rapidly softening and dissolving (visible to the naked eye upon processing) 
mineral surface could not provide sufficient anchoring for the biofilm. The lack of biofilm on 
hematite can be explained by its surface reactive properties that are the effect of surface 
hydroxyl configuration – when compared to other iron oxides, such as goethite, the singly 
coordinated OH-groups that are involved with adsorption of various ions are absent from 
hematite (Barron and Torrent, 1995). It is known that the microbial surface reduction rate of 
hematite under identical conditions is close to fifty times slower than of other iron 
(hydr)oxides, such as goethite and ferrihydrite, and that the microbial density on hematite in 
these experiments was considerably lower as well (Little, Wagner and Lewandowski, 1997). 
There is also very little biofilm present on pyrite and pyrrhotite. Since both of these minerals 
are highly insoluble at circumneutral pH, they are not likely to contribute significantly 
towards the iron needs of the bacteria, especially under anaerobic conditions. The biofilm 
formation on pyrite under these conditions has been shown to be rather slow and not 
dependent on the mineral lattice defects as it is under acidic conditions, and the microbe-




bacterial cell and the mineral surface (Mielke et al., 2003). While this was shown using an 
acid-secreting Acidithiobacillus strain, the biofilm development in the cenotes that do not 




Five genera of diatoms were found in this study, Navicula, Cocconeis, Stephanodiscus, 
Cyclotella, and Chaetoceros. Of these, Chaetoceros is almost exclusively marine, with the 
few inland species growing mainly in the brackish or saline-contaminated water (Spaulding, 
Lubinski, and Potapova, 2010). Chaetoceros is also present only in Cenote Calica, which is 
likely linked to the proximity to the ocean – it may have been transported there by birds, 
wind, or forced into the cenote by tides as part of the seawater intrusion.  
 
The four major diatom genera found in this study have also been observed in the cenotes 
during previous studies. In 2002, Schmitter-Soto and colleagues recorded 41 species of 
diatoms, including Cocconeis disculus, and C. placentula, Navicula cryptocephala, and N. 
recens, Cyclotella meneghiniana, Stephanodiscus niagarae, and Chaetoceros gracilis. In the 
same year, a study done specifically to look at the phytoplankton in the cenotes found 59 
species of diatoms, including Navicula bicephala, N. cryptotenella, N. digito-radiata, N. 
halophila, N. minuscula, N. phyllepta, N. platyventris, N. radiosa, N. zeta, Cyclotella 
meneghiniana, Cocconeis pediculus, and Cocconeis placentula (Sanchez et al., 2002). 




any Stephanodiscus or Chaetoceros. This may suggest that while Navicula, Cyclotella, and 
Cocconeis are uniformly present in the cenotes, the presence of Stephanodiscus and 
Chaetocerus are only present at selected sites, and may depend on some physical or 
environmental features (i.e. proximity to the ocean). 
 
Since iron is also a limiting nutrient for eukaryotic phytoplankton (Wells et al., 2005), 
diatoms were expected to favor iron-containing minerals in order to obtain a sufficient amount 
of this micronutrient. However, this was not the case. While diatoms are observed on all the 
samples of pyrite and siderite, the same is true for dolomite and sphalerite. The later contains 
zinc, another micronutrient especially for eukaryotes, so the abundant presence of diatoms on 
sphalerite is explainable. The fewest number of diatoms are seen on chalcocite, chalcopyrite 
and hematite. The first two are copper containing minerals, and since diatoms have been 
documented to be more sensitive to copper than bacteria (Wang and Zheng, 2008; Gebhard, 
Ronimus, and Morgan, 2001), these finding are expected.  
 
The reasons for the complete lack of diatoms in the hotel well can range from lack of sunlight, 
pollution issues that would inhibit diatom growth, or a combination of these factors. 
Insufficient connection to the ocean for the marine diatoms to move in may also contribute to 
this, since the well is tightly covered, distribution of diatoms by airborne means, such as wind 
and birds is not possible. Also, while there may be some diatoms in the well, they are present 




The lack of sunlight is an obvious limit to diatom growth in the well since majority of diatoms 
are obligate photoautotrophs. However, some diatoms are facultative heterotrophs capable of 
utilizing a wide variety of organic carbon sources, which allows them to grow in the absence 
of light and be metabolically active in the sediment (Tuchman et al., 2006). Of the diatoms 
found in this study, Navicula (Lewin, 1953) and Cyclotella (Pahl et al., 2010) are known to be 
capable of heterotrophic growth in the dark, and therefore some diatoms should be able to 
persist and grow in that environment for some period of time.  
 
Since the well is located less than half a kilometer from the ocean, it is experiencing saline 
water intrusion (likely pushed by tides), and has a presence of marine bacteria that are absent 
from the cenotes, it is unlikely that some marine diatoms are not intruding the well. But 
because there seems to be no well-established heterotrophic diatom growth in that site, either 
the diatoms intruding from the ocean are not capable of heterotrophic growth, or there is some 
additional factor limiting their growth. A more comprehensive study focusing specifically on 
diatoms in these groundwater systems would have be performed in order to answer these 
questions. 
 
Biofilm and Diatoms – the Relationship 
 
In many cases, the biofilm as well as individual bacteria were observed in association with 
diatoms, especially in Cenote Calica. Interactions between bacteria and diatoms are common 




from this type of interaction: for example, diatoms secrete extracellular biomolecules that 
serve as a nutrient source for bacteria, while the bacteria in return will synthesize certain 
vitamins, such as cobalamine (vitamin B12), which is absorbed by the diatoms that lack the 
proper genetic makeup for B12 biosynthesis (Croft et al., 2005; Haines and Guillard, 1974). 
Diatoms and bacteria can also cooperate in acquisition of iron and reduced nitrogen 
compounds (produced by cyanobacteria from diatomic nitrogen).  
 
However, the relationship can also opportunistic, since some bacteria take advantage of 
diatoms. For example, a marine Pseudoalteromonas strain shows algicidal abilities by 
producing extracellular proteases (Lee et al., 2000), and Pseudomonas fluorescens strain 
HYK0210-SK09 kills the harmful bloom-causing Stephanodiscus hantzschii (Jung et al., 
2008). Therefore it is not surprising to find bacterial biofilm and individual bacterial cells that 
are in the initial attachment/maturation stage associated with diatoms, although whether the 
nature of their relationship mutual or opportunistic cannot be determined by the methods of 
this study. Several diatom-associated bacteria including Erythorbacter, Marinobacter, 
Limnobacter, Alteromonas, and Flavobacterium (Amin, Parker, and Armbrust, 2012) are 




Mineral dissolution in aqueous environment usually starts out as roughening of the surface 




frequently the size and a shape of microbial cells, they are not necessarily of microbial origin, 
but are sometimes created by abiotic factors (Edwards et al., 2001). However, biotic surface 
modification is much faster than the abiotic process, usually differing by several orders of 
magnitude, although the exact rate of mineral dissolution depends on the type of mineral, 
types of microbes present, environmental pH, and redox potential. Since most of the visible 
mineral surface dissolution at the circumneutral pH is expected to be microbe-mediated, it is 
not surprising that most of the surface etching is seen on the mineral samples that also display 
considerable amount of mature biofilm and individual bacterial cells. It is also possible that 
some surface modification went unseen, covered by the biofilm and EPS.  
 
Surface etching on Fe2+ minerals (pyrite, pyrrhotite, siderite, magnetite) is likely caused 
mainly by the indirect surface oxidation with Fe3+, not direct interactions between microbe 
and the mineral surface (Edwards et al., 2001). Fe3+ is generally provided by the iron 
oxidizing microbial populations. Because Fe2+ provides the electrons for iron oxidizing 
microbes under both aerobic and anaerobic conditions (Weber, Achenbach, and Coates, 
2006), the amount of surface modification seen in this study on Fe2+ minerals is similar under 
all redox conditions. 
 
Based on this, it is not surprising that of the iron-containing minerals, most Fe2+ minerals 
(siderite, pyrrhotite and magnetite) show more surface etching than the Fe3+ minerals. The 
only Fe2+ mineral not showing much surface etching was pyrite, which showed dissolution 




exhibited considerably more surface etching than pyrite (iron disulfide with highly 
symmetrical crystals). This lesser symmetry of pyrrhotite crystals is likely the contributing 
factor to the difference in surface etching: under similar conditions, the oxidation rate of 
pyrrhotite is shown to be 20-100 times faster than of pyrite (Belzile et al., 2004). Similar 
comparison could be done in the case of the iron oxides, magnetite and hematite. Even though 
neither of them are very soluble at circumneutral pH, the softer magnetite has pronounced 
surface etching present in almost every sample, while hematite, the least soluble of iron 
oxides, has no observable surface etching.  
 
The significant surface changes on siderite were predicted upon the removal of the samples 
from the cenotes, because the siderite crystals from anoxic layers (interface and saline) had 
softened and dissolved considerably. This difference in siderite dissolution rates between oxic 
and anoxic layers has been documented in other studies. Duckworth and Martin (2004) report 
siderite dissolution rate under oxic conditions at neutral pH as slow, below 10-10 mol/m2·s, 
which is much slower than their reported dissolution rate under anoxic conditions, 10-8.65 
mol/m2·s. While these values are obtained abiotically, they are expected to be higher under 
biotic dissolution of siderite, which may explain why the siderite samples from freshwater 
samples that did not display the high degree of softening and dissolution still showed 
considerable surface etching under SEM. 
 
In addition to the iron minerals, surface etching was also expected on apatite, because of the 




surface etching was observed on most apatite samples. While apatite dissolution can be biotic 
or abiotic, the lack of abiotic dissolution can be explained by the neutral pH of the cenotes – 
the rate of abiotic dissolution is pH dependent and very slow above pH of 6.5 (Guidry and 
MacKenzie, 2003). However, the biotic dissolution of apatite is not dependent on the 
surrounding aqueous pH (Welch et al., 2002). Instead, microbes create microniches of low pH 
environment within the biofilm, aiding in the apatite dissolution, although some studies have 
shown that direct attachment of bacteria to the mineral surface does not increase the rate as 
much as indirect microbial involvement by organic acid secretion (Hutchens et al., 2006). It is 
possible that the high amount of biofilm on apatite may have masked the surface etching. 
 
Secondary Mineral Precipitation: Copper 
 
Copper bioleaching from minerals is commonly seen under acidophilic conditions, although 
abiotic copper corrosion happens rapidly under sulfidic conditions in the presence of as little 
as 0.01 ppm sulfide, depending on the composition of the copper compound (Little, Wagner 
and Lewandowski, 1997). Copper bioleaching is also accelerated by the presence of Fe3+, 
where the bacteria catalyze the metal leaching process as follows:  
CuFeS2 + 4Fe3+ →5Fe2+ + Cu2+ + 2S0  
Iron oxidizing bacteria in the leaching community will assure the oxidation of Fe2+ back to 
Fe3+, and the low pH of the leachate (1-2.5) is generally enough to inhibit the copper from 
precipitating out as secondary minerals, such as jarosite (Watling, 2006). In the cenotes, 




where the bacteria secrete various organic acids. However, since there is no maintenance of 
low pH in the surrounding environment, the copper will not remain in the solution, but is free 
to precipitate out as a secondary mineral. 
 
In aqueous solutions, copper will precipitate forming various amorphous secondary minerals 
that will crystallize upon maturation. In the presence of sulfide, copper can form various Cu-S 
compounds (Cu2-xS, 0 < x < 1), most commonly as covellite, that is later reduced into 
chalcocite (Pattrick et al., 1997), but other cuprous sulfide compounds have also been 
reported, including digenite (Cu9S5), anilite (Cu7S4), and geerite (Cu8S5) (Little, Wagner and 
Lewandowski, 1997). The exact composition of copper sulfide precipitates depends of the 
ratio of available copper to sulfide – when copper is in excess over sulfide, more chalcocite is 
formed, and when sulfide is in excess, covellite is produced (Little, Wagner and 
Lewandowski, 1997). While it is possible that any of these cuprous sulfide compounds 
precipitated on copper minerals in the cenotes, based on the morphology and EDS data 
(Anthony et al., 2013), the precipitate is likely to be covellite. 
 
While metallic copper inhibits the growth of most microeukaryotes and bacteria, many 
microbes tolerate copper ions bound to clay particles and organic matter (Cabrero et al., 
1998). However, some bacteria can actively precipitate copper as part of their defense 
mechanism against heavy metal contaminants if they contain a plasmid with copper resistance 
genes (Erardi, Failla and Falkinham, 1987). Also, many sulfate-reducing bacteria precipitate 




Considering the active sulfate-reducing bacterial presence in the Yucatan groundwater, it is 
not surprising to see secondary copper mineral precipitation on chalcocite and chalcopyrite. 
Since the secondary copper mineral precipitation is seen across the redox gradient, it is likely 
that the precipitation is mediated both by the sulfate-reducing bacteria as well as other 
microbes that possess copper resistance plasmid. 
 
However, the amount of copper mineral precipitation did not show the expected outcome. 
Overall, the higher mineral dissolution rate generally leads to a higher secondary mineral 
deposition rate. For example, because chalcocite is twice as soluble as chalcopyrite 
(Guangzhi, 1996), the mineral deposition under circumneutral conditions is also expected to 
be faster and more pronounced on chalcocite than on chalcopyrite. However, this was not the 
case in this study, since the deposition of large covellite aggregates occur mainly on the 
surface of chalcopyrite. The chalcocite samples are mainly covered with small, ‘fuzzy’ 
copper-containing crystals that lack the typical covellite crystallite morphology. It may be that 
the presence of iron (chalcopyrite) in this iron-limited environment may have resulted first in 
iron leaching from the mineral structure, followed by more extensive copper leaching due to 
the disrupted crystal structure after the loss of iron, and the subsequent secondary copper 
sulfide precipitation. This kind of process has been shown in geological settings where 
chalcopyrite can be replaced with chalcocite in copper ores (Augustithis, 1995), although the 
rate of replacement and precipitation in the aqueous microbe-mediated setting is not 





Secondary Mineral Precipitation: Sulfur 
 
The precipitation of elemental sulfur (S0) can be either biotic or abiotic process. The biotic 
process is mediated by sulfur oxidizing bacteria that produce either intracellular or 
extracellular sulfur globules, initially no more than 1 µm in diameter (Steudel, 1996). The 
abiotic process uses oxidized iron or manganese compounds to oxidize sulfide to elemental 
sulfur (Holmer and Storkholm, 2001); however, the abiotic sulfide oxidation is over three 
orders of magnitude slower than the biotic oxidation (Luther et al., 2011). Over time, sulfur 
globules can coarsen and form larger colloids, made of elemental sulfur nanocrystals (García, 
2013). 
 
In environments with sufficient light input, sulfide oxidation to sulfur (and the accumulation 
of sulfur globules) is mainly done by anoxic photosynthetic bacteria (Jørgensen, Kuenen and 
Cohen, 1979). This process requires no oxygen, and happens via Van Niel reaction (Kleinjan, 
Keizer, and Janssen, 2003): 
2H2S + CO2 + light → {CH2O} + H2O + 2S0 
Sulfide oxidation can also be performed by colorless sulfur oxidizing bacteria. This process 
requires no light, but is dependent on oxygen; at lower oxygen concentration, the sulfide is 
oxidized into elemental sulfur: 
2H2S + O2 → 2S0 + 2H2O 
Low levels of oxygen are also needed for abiotic sulfide oxidation in order to oxidize the iron 




oxidation by oxygen is thermodynamically unfavorable (Luther et al., 2011). Therefore 
biogenically formed colloidal sulfur globules would be expected in the presence of light in the 
anoxic environments, while the interface environments would have biogenically formed sulfur 
globules if colorless sulfur oxidizing bacteria are present, or abiotically formed sulfur 
globules in the presence of reduced iron or manganese ions. 
 
As expected, Cenote Calica with its high light input and relatively rich community of sulfide 
oxidizing purple and green sulfur bacteria has sulfur colloids present in the anaerobic zone. 
The absence of sulfur globules in the hotel well, where the conditions do not become truly 
anaerobic, and that is completely void of light also suggest that the colloidal sulfur 
accumulation in Calica had to have been catalyzed by anoxic phototrophs, not the colorless 
sulfur oxidizers.  
 
However, this does not explain the presence of similar sulfur globules in Cenote Xcolac, since 
the anaerobic, saline zone is virtually dark due to depth (>70m) and floating organic material 
in the upper layers. While it is possible that phototrophic sulfur oxidation at this depth can be 
performed by extremely light-sensitive green sulfur bacteria that are known to grow at 100m 
depth in the Black Sea where they receive 0.0007% of the light intensity available at the 
surface (Manske et al., 2005), the 16S sequencing results show no evidence of green sulfur 
bacteria in Xcolac. It may be that the previous study failed to capture the green sulfur 
bacteria, or that they have appeared in the cenote after the water samples for sequencing were 




Another possible explanation for the sulfur globules in Xcolac is the presence of 
chemolithotrophic denitrifying bacteria that couple nitrate reduction with sulfide oxidation 
(Cardoso et al., 2006). High nitrate levels are common for Yucatan groundwater (Pacheco and 
Cabrera, 1997), and the presence of various chemolithotrophic denitrifying bacteria, such as 
Paracoccus and Nitrospira has been established. However, the presence of these microbes is 
much higher in the hotel well than in Xcolac, raising the question about the absence of 
colloidal sulfur globules in the hotel well. Therefore while the most plausible explanation 
involves the green sulfur bacteria in Cenote Xcolac, there may well be some currently 
unknown factors that could help to further explain this aberrancy.  
  
Pyrite (and Other Iron Sulfide) Precipitation 
 
Iron sulfide precipitation is quite common in sulfide-rich environments. Iron can precipitate as 
various iron sulfides, such as iron monosulfides greigite and macinawite, or iron disulfides 
marcasite and pyrite. Pyrite is by far the most common iron sulfide in the sediments, followed 
by amorphous and poorly ordered macinawite, with greigite being the least common (Morse 
and Cornwell, 1987). The amount of pyrite in marine sediments increases rapidly with depth 
to the point where almost no iron monosulfides are present (Shoonen 2004). Pyrite occurs in 
the sediments as globular pyrite, pyrite crystals with different morphologies, or as framboids – 
the spherical aggregates of small crystallites. Of these, framboidal pyrite and globular pyrite 




The framboid formation is dependent on the presence of reactive iron, sulfide, and, in the case 
of microbe-mediated framboid formation, also organic matter for microbial metabolism 
(Astafieva, Rozanov, and Hoover, 2005). While it was believed that the role of sulfate-
reducing bacteria in pyrite formation was to provide hydrogen sulfide for the reaction, it has 
been shown that microbes play a more complex role. Pyrite formation proceeds through iron 
monosulfide intermediates, from amorphous macinawite to poorly ordered macinawite to 
greigite and finally to pyrite (Schoonen, 2004). Microbial cell walls have negatively charged 
molecules that can serve as nucleation points for the amorphous FeS, which will form a thin 
layer on outer surface of the cell (Donald and Southam, 1999). Because of this, the conversion 
from reactive iron and sulfide to crystallized pyrite can occur up to four orders of magnitude 
faster than in abiotic experiments (Rickard and Luther, 1997). However, the original proposal 
that the spherical morphology of framboids is caused by the initial nucleation of FeS around 
spherical bacteria has not found any support; the specific shape of framboids is explained by 
the magnetic properties of greigite intermediate that cause it to aggregate as a sphere 
(Schoonen, 2004). 
 
Framboidal pyrite is thought to originate in the oxic-anoxic interface in the water column 
from where it will settle into the sediment; the ingrown framboids in the sediment that lack 
the well-defined polyhedral crystallite structure may be the result of continued pyrite growth 
on the framboids (Wilkin and Barnes, 1997a). In this study, the framboidal pyrite is 
expectedly seen on the iron-containing minerals at the interface layer. The only exception is 




Because the hotel well is less than 500 meters from the coast, it is possible that the tides have 
been pushing saline water up the water column, disturbing the freshwater layer, and creating 
temporary conditions suitable for framboid formation. In this case, it is not clear why 
framboids didn’t form on other iron-containing minerals that were lower in the water column 
in freshwater layer (such as pyrite, pyrrhotite, and siderite) that also experienced these 
temporary fluxes of saline water. It is also possible that this framboid may have ended up on 
the sample accidentally, either during removal of the samples that created turbulence in the 
water column, or pushed up during the tidal fluxes. 
 
The majority of framboids observed were composed of well-defined crystallites, as is 
expected from relatively “young” framboids in the water column. Because no sediment was 
observed in this study, it is hard to evaluate the prevalence and morphology of the framboids 
there; however, in one case (Xcolac, hematite) only ingrown framboids were seen that had no 
defined crystallites present. Infilled framboids are generally seen deeper in the sediment or in 
the water column and generally indicate longer contact time with the reactants (Wilkin, 
Barnes and Brantley, 1996). However, in this study, the incubation time for all the samples 
was identical (four months), and other geochemical conditions are very similar as well (table 
34). Therefore other factors, such as the differences in native microbial communities or the 
type and amount of organic matter available for the microbes could explain the lonely case of 
ingrown framboids. It is known that the infilling of framboids occurs when the rate of reactant 
supply (iron and sulfide ions) exceeds the crystal growth rate and the deposition of pyrite 




higher abundance of sulfide on hematite in Xcolac, it is likely the product of an active sulfate-
reducing bacterial community on this particular sample, linking the framboidal infilling to 
microbial community composition. A further investigation is necessary to understand the link 
between the microbial communities and framboid ingrowth at given conditions. 
 
 Xcolac Hotel well 
Temperature (C°) 26.4 27.3 
pH 6.75 6.7 
Redox potential (mV) 30 30 
Specific conductivity (mS/cm) 20 40 
 
 
Table 34: Comparison of environmental conditions between the interface layers in Cenote 
Xcolac and hotel well. The values are given for the middle of the interface (Xcolac at 59m 
and hotel well at 13m, the approximate location of hematite samples).  
 
Framboidal pyrite formation has long been associated with microbial sulfate, although most 
studies agree that while bacterial activity will enhance the framboid formation, it is not 
actually necessary for the process (Sweeney and Kaplan, 1973; Wilkin and Barnes, 1997b). 
Fortin (2005) studied associated framboidal pyrite formation with nanobacteria, although to 
date there is no further evidence of such associations. Other studies have shown that 
framboidal pyrite can form under laboratory conditions at high temperatures without any 
microbial presence (Ohfuji and Rickard, 2005), as well as at high temperatures around 
hydrothermal vents (Prol-Ledesma et al., 2010). However, there are small morphological 
differences between the microbe-associated framboids and the high temperature abiotically 
formed framboids. The main differences are the crystallite morphology, and framboid size.  
The framboid crystallite size is this study averaged between 0.5-2 µm with very few 




observed by other studies (Wilkin and Barnes 1997a; Astafieva, Rozanov, and Hoover, 2005; 
Folk 2005; Prol-Ledesma et al., 2010), regardless of the origin or mode of framboid 
formation. However, there is more variation in the crystallite morphology. Pyrite crystals can 
occur mainly in cuboidal, octahedral, or pyritohedral (dodecahedral) forms. In this study, the 
crystallites in framboidal pyrite were mainly pyritohedral, with some rare octahedral 
specimen, and one sample with possibly cuboidal pyrite crystallites was observed (hotel well, 
pyrite). In their study of pyrite framboids in the Black Sea, Astafieva, Rozanov, and Hoover 
(2005) come to the conclusion that crystallite shape is indicative of its origin – the 
pyritohedral and octahedral crystallites are formed during microbe-mediated framboid 
formation. Cuboidal crystallites are observed at the lower temperatures during the high-
temperature (200-500 C°) framboid formation, and since life as we know it does not exist 
even at the lower range of these temperatures, it is safe to assume that cuboidal pyrite 
crystallites have purely chemical origin (Astafieva, Rozanov, and Hoover, 2005; Ohfuji and 
Rickard, 2005). 
 
Looking at the size of framboids, Wilkin and Barnes (1997b) estimate that majority of 
framboids are less than 10 µm and rarely exceeding 50 µm in diameter. This size is reached 
early in framboid formation, and remains about the same as the framboid matures, lithifies, 
and is buried in the sediment (Wilkin, Barnes, and Brantley, 1996). The environment where 
the framboids form does have influence over the framboid size. Framboids form at oxic-
anoxic interface (diagenetic framboids), but also in the sediment under anoxic conditions 




smaller, with less than 4% being over 10 µm in diameter, and less variable in size, while the 
diagenetic framboids are more variable in size, with 10-50% of them being over 10 µm in 
diameter (Wilkin, Barnes, and Brantley, 1996).  
 
The framboid size distribution in this study follows the findings of Wilkin, Barnes, and 
Brantley (1996). Since these framboids are formed at the interface layer, they are all 
diagenetic in origin. However, there are clear trends in size distributions. Looking at the 
minerals with eight or more framboids, the ingrown framboids on hematite at Xcolac are 
clearly the biggest with an average of 17.8 µm in diameter; this sharp increase in size can be 
explained by the additional pyrite deposition on and in between the crystallites as the infilling 
progresses. The framboids from magnetite, pyrrhotite and siderite (median diameter of 4-6 
µm, 2-4 µm, and 4-6 µm respectively) are smaller and more numerous than the framboids 
from apatite and chalcopyrite (median diameter ranges 8-10 µm and 6-8 µm, respectively). It 
is also interesting to note that while the framboids are predominantly small, there are always a 
few larger ones (>20 µm diameter); in the samples of predominantly larger framboids the 
small ones (<4 µm diameter) are missing. While Prol-Ledesma et al. (2010), Wilkin and 
Barnes (1997b), and Wilkin, Barnes, and Brantley (1996) agree that the framboid size is 
predominantly a function of the contact time with sulfides and iron in the water, the results of 
this study show that even under the same time period of framboid growth there is considerable 





One of the factors that could influence the framboid size in the same aquatic environment is 
the type of the mineral these framboids were grown on. While the amount of sulfide is 
adequate, iron could only be obtained from the mineral samples, and the amount of iron will 
depend on the solubility of the particular mineral. The highest number of framboids are 
present in the hotel well on magnetite, pyrrhotite, and siderite, and in Cenote Xcolac on 
hematite. Of the iron minerals, pyrite has the least amount of framboids (one in hotel well, 
none in Xcolac), which is not surprising, considering that pyrite is the least soluble of the iron 
sulfide minerals used in this study (pyrite samples also lack a well-developed biofilm and 
surface etching). The greatest number of framboids is present on siderite, the most soluble of 
the iron minerals in this study. Comparing the iron oxides in the hotel well, the more soluble 
magnetite has hundreds of framboids on its surface, while the less-soluble hematite has four. 
However, in Xcolac framboids can mainly be found on hematite (and none on magnetite), 
suggesting perhaps a specific microbial population present in Xcolac that is lacking from the 
hotel.  
 
Site-wise, the framboids were mainly seen in the hotel well, and none in Cenote Calica that 
has high sunlight input throughout the water column. While the presence of sunlight itself 
may not have anything to do with framboids, UV-inhibition of sufficiently diverse reducing 
bacterial populations that enhance framboid formation may be the factor that causes the 
framboids to be absent from Calica. Because most studies look at the framboid formation in 
the sediments, further studies are needed to assess whether sunlight itself may have effect on 




While framboid formation has been linked to the sulfate-reducing bacterial population, no 
individual microbes have been identified as the key species for the process. Looking at the 
16S ribosomal gene analysis from the first part of this study, the hotel well with most 
framboids present has also significantly higher concentration of Betaproteobacteria and the 
marine phylum so4B24. Looking specifically at the sulfate-reducing bacteria, all hotel well 
samples are the only environments in this study that contain the Gram positive SRB, and 
(with the exception of sediment samples) also a more diverse and numerous community of 
Thermodesulfovibrionaceae. It would be intriguing to investigate whether these two SRB 




Microbes have the great capacity to influence their surroundings iat the same time the 
environment has an effect on the diversity of the microbial communities. This study aimed to 
look at the relationships between the microbes and their environment in permanently stratified 
groundwater in Yucatan Peninsula, Mexico. The emphasis of this study was to assess whether 
any minerals added to the water would draw a more diverse population of microbes, how 
similar the populations on different minerals are, and how the microbes might change the 
mineral surface features and geochemistry. 
 
While the overall microbial diversity in the cenotes is the product of environmental variables, 




micronutrients, such as iron. The biggest overall drivers of diversity seem to be the amount of 
sunlight, which decreases diversity, and iron-containing minerals, which increase diversity, 
although the addition of iron had the greatest effect in the freshwater zone. Most similar 
microbial communities were seen on Fe2+ minerals, but only in the saline zone.  
 
From the microscopic observations, most biofilm was seen on the apatite samples across all 
conditions, indicating the need for phosphate in these ecosystems. Sites with light input had 
substantial diatom population, while the dark site had no diatoms present, even though known 
heterotrophic diatoms have been observed in the groundwater during previous studies, and 
raises questions about some other factors at the dark site. The microbial iron need was also 
observed microscopically with most mineral surface etching present on the iron-containing 
minerals. Various secondary mineral precipitations were observed: copper sulfide on copper 
containing minerals, colloidal sulfur in the saline layer, and framboidal pyrite at the interface 
level. Framboids were lacking in high light condition, which also had the lowest microbial 
diversity, indicating that microbes facilitating framboid formation were possibly absent from 
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Sequencing data summary from MG RAST. The metadata and data are publicly accessible at 
http://metagenomics.anl.gov under project name Yucatan Groundwater and project ID 5969. 
 
Xcolac, 10 m, dry season (MG-RAST ID 4536385.3) Uploaded:  
base pair count: 1,982,160,063 bp; 
number of sequences: 18,705,503; 
mean sequence length: 105 ± 19 bp; 
mean GC%: 52 ± 12%; 
Post quality control: 
base pair count: 1,840,056,767 bp; 
number of sequences: 17,546,629; 
mean sequence length: 104 ± 20 bp; 
mean GC%: 52 ± 12%; 
1,158,901 sequences failed quality control. Of those, dereplication identified 912,877 
sequences (4.9% of total) as artificial duplicate reads (ADRs). Of the 17,546,629 sequences 
(totaling 1,840,056,767 bps) that passed quality control, 16,328,737 (93.1%) produced a total 
of 15,220,233 predicted protein coding regions. Of these 15,220,233 predicted protein 
features, 3,510,434 (23.1% of features) have been assigned an annotation using at least one of 
the protein databases (M5NR) and 11,709,799 (76.9% of features) have no significant 
similarities to the protein database. 2,690,452 features (76.6% of annotated features) were 
assigned to functional categories. 
 
Xcolac, 60 m, dry season (MG-RAST ID 4536387.3: Uploaded:  
base pair count: 2,298,877,510 bp; 
number of sequences: 21,392,723; 
mean sequence length: 107 ± 20 bp; 
mean GC%: 58 ± 12%; 




base pair count: 1,815,466,040 bp; 
number of sequences: 17,002,929; 
mean sequence length: 106 ± 23  bp; 
mean GC%: 57 ± 12%; 
4,389,794 sequences failed quality control. Of those, dereplication identified 3,890,433 
sequences (18.2% of total) as artificial duplicate reads (ADRs). Of the 17,002,929 sequences 
(totaling 1,815,466,040 bps) that passed quality control, 15,770,934 (92.8%) produced a total 
of 10,653,192 predicted protein coding regions. Of these 10,653,192 predicted protein 
features, 3,757,527 (35.3% of features) have been assigned an annotation using at least one of 
the protein databases (M5NR) and 6,895,665 (64.7% of features) have no significant 
similarities to the protein database. 3,056,257 features (81.3% of annotated features) were 
assigned to functional categories. 
 
Xcolac, 83 m, dry season (MG-RAST ID 4536389.3 Uploaded:  
base pair count: 853,535,045 bp; 
number of sequences: 4,805,457; 
mean sequence length: 177 ± 14bp; 
mean GC%: 54 ± 10%; 
Post quality control: 
base pair count: 782,284,463 bp; 
number of sequences: 4,473,377; 
mean sequence length: 174 ± 21  bp; 
mean GC%: 54 ± 10%; 
332,080 sequences failed quality control. Of those, dereplication identified 308,748 sequences 
(6.4% of total) as artificial duplicate reads (ADRs). Of the 4,473,377 sequences (totaling 
782,284,463 bps) that passed quality control, 4,250,107 (95.0%) produced a total of 2,949,676 
predicted protein coding regions. Of these 2,949,676 predicted protein features, 938,149 
(31.8% of features) have been assigned an annotation using at least one of the protein 
databases (M5NR) and 2,011,527 (68.2% of features) have no significant similarities to the 






Xcolac, 10 m, rainy season (MG-RAST ID 4536384.3): Uploaded:  
base pair count: 1,237,977,652 bp; 
number of sequences: 11,040,883; 
mean sequence length: 112 ± 25 bp; 
mean GC%: 57 ± 11%; 
Post quality control: 
base pair count: 1,098,927,242 bp; 
number of sequences: 9,921,136; 
mean sequence length: 110 ± 27  bp; 
mean GC%: 57 ± 11%; 
1,119,747 sequences failed quality control. Of those, dereplication identified 854,183 
sequences (7.7% of total) as artificial duplicate reads (ADRs). Of the 9,921,136 sequences 
(totaling 1,098,927,242 bps) that passed quality control, 9,251,154 (93.2%) produced a total 
of 6,850,090 predicted protein coding regions. Of these 6,850,090 predicted protein features, 
2,635,126 (38.5% of features) have been assigned an annotation using at least one of the 
protein databases (M5NR) and 4,214,964 (61.5% of features) have no significant similarities 
to the protein database. 2,123,488 features (80.6% of annotated features) were assigned to 
functional categories. 
 
Xcolac, 52 m, rainy season (MG-RAST ID 4536386.3): uploaded:  
base pair count: 2,823,772,326 bp; 
number of sequences: 27,398,280; 
mean sequence length: 103 ± 12 bp; 
mean GC%: 53 ± 13%; 
 
Post quality control: 
base pair count: 2,456,298,177 bp; 
number of sequences: 24,200,144; 




mean GC%: 54 ± 13%; 
3,198,136 sequences failed quality control. Of those, dereplication identified 2,537,872 
sequences (9.3% of total) as artificial duplicate reads (ADRs). Of the 24,200,144 sequences 
(totaling 2,456,298,177 bps) that passed quality control, 22,236,899 (91.9%) produced a total 
of 17,838,309 predicted protein coding regions. Of these 17,838,309 predicted protein 
features, 5,318,188 (29.8% of features) have been assigned an annotation using at least one of 
the protein databases (M5NR) and 12,520,121 (70.2% of features) have no significant 
similarities to the protein database. 4,125,967 features (77.6% of annotated features) were 
assigned to functional categories. 
 
Xcolac, 70 m, rainy season (MG-RAST ID 4536388.3): Uploaded:  
base pair count: 2,842,336,778 bp; 
number of sequences: 25,414,202; 
mean sequence length: 111 ± 27 bp; 
mean GC%: 56 ± 11%; 
Post quality control: 
base pair count: 2,585,960,869 bp; 
number of sequences: 23,491,969; 
mean sequence length: 110 ± 28  bp; 
mean GC%: 56 ± 11%; 
1,922,233 sequences failed quality control. Of those, dereplication identified 1,318,923 
sequences (5.2% of total) as artificial duplicate reads (ADRs). Of the 23,491,969 sequences 
(totaling 2,585,960,869 bps) that passed quality control, 21,574,049 (91.8%) produced a total 
of 17,633,138 predicted protein coding regions. Of these 17,633,138 predicted protein 
features, 3,997,119 (22.7% of features) have been assigned an annotation using at least one of 
the protein databases (M5NR) and 13,636,019 (77.3% of features) have no significant 
similarities to the protein database. 3,130,429 features (78.3% of annotated features) were 
assigned to functional categories. 
 
Calica, 4 m, dry season (MG-RAST ID 4536378.3): Uploaded:  
base pair count: 696,397,240 bp; 




mean sequence length: 176 ± 15 bp; 
mean GC%: 47 ± 13%; 
 
Post quality control: 
base pair count: 664,611,716 bp; 
number of sequences: 3,841,238; 
mean sequence length: 173 ± 22  bp; 
mean GC%: 47 ± 13%; 
114,586 sequences failed quality control. Of those, dereplication identified 91,700 sequences 
(2.3% of total) as artificial duplicate reads (ADRs). Of the 3,841,238 sequences (totaling 
664,611,716 bps) that passed quality control, 3,653,204 (95.1%) produced a total of 2,834,852 
predicted protein coding regions. Of these 2,834,852 predicted protein features, 1,035,387 
(36.5% of features) have been assigned an annotation using at least one of the protein 
databases (M5NR) and 1,799,465 (63.5% of features) have no significant similarities to the 
protein database. 835,980 features (80.7% of annotated features) were assigned to functional 
categories. 
 
Calica, 15 m, dry season (MG-RAST ID 4536374.3): Uploaded:  
base pair count: 4,713,344,909 bp; 
number of sequences: 43,506,356; 
mean sequence length: 108 ± 21 bp; 
mean GC%: 50 ± 10%; 
 
Post quality control: 
base pair count: 3,223,300,854 bp; 
number of sequences: 29,486,197; 
mean sequence length: 109 ± 25 bp; 




14,020,159 sequences failed quality control. Of those, dereplication identified 9,084,899 
sequences (20.9% of total) as artificial duplicate reads (ADRs). Of the 29,486,197 sequences 
(totaling 3,223,300,854 bps) that passed quality control, 27,251,790 (92.4%) produced a total 
of 20,227,730 predicted protein coding regions. Of these 20,227,730 predicted protein 
features, 4,945,425 (24.4% of features) have been assigned an annotation using at least one of 
the protein databases (M5NR) and 15,282,305 (75.6% of features) have no significant 
similarities to the protein database. 3,706,884 features (75.0% of annotated features) were 
assigned to functional categories. 
 
Calica, 17 m, dry season (MG-RAST ID 4536375.3): Uploaded:  
base pair count: 943,326,894 bp; 
number of sequences: 8,376,853; 
mean sequence length: 112 ± 26 bp; 
mean GC%: 43 ± 13 %; 
Post quality control: 
base pair count: 774,114,369 bp; 
number of sequences: 6,936,253; 
mean sequence length: 111 ± 27 bp; 
mean GC%: 43 ± 13 %; 
1,440,600 sequences failed quality control. Of those, dereplication identified 1,329,149 
sequences (15.9% of total) as artificial duplicate reads (ADRs). Of the 6,936,253 sequences 
(totaling 774,114,369 bps) that passed quality control, 6,406,581 (92.4%) produced a total of 
4,841,556 predicted protein coding regions. Of these 4,841,556 predicted protein features, 
1,355,943 (28.0% of features) have been assigned an annotation using at least one of the 
protein databases (M5NR) and 3,485,613 (72.0% of features) have no significant similarities 
to the protein database. 1,029,283 features (75.9% of annotated features) were assigned to 
functional categories. 
 
Calica, 4 m, rainy season (MG-RAST ID 4536377.3): Uploaded:  
base pair count: 357,518,634 bp; 
number of sequences: 2,040,669; 




mean GC%: 56 ± 10 %; 
Post quality control: 
base pair count: 331,104,147 bp; 
number of sequences: 1,924,767; 
mean sequence length: 172 ± 23 bp; 
mean GC%: 56 ± 10 %; 
115,902 sequences failed quality control. Of those, dereplication identified 104,915 sequences 
(5.1% of total) as artificial duplicate reads (ADRs). Of the 1,924,767 sequences (totaling 
331,104,147 bps) that passed quality control, 1,830,733 (95.1%) produced a total of 1,468,927 
predicted protein coding regions. Of these 1,468,927 predicted protein features, 438,927 
(29.9% of features) have been assigned an annotation using at least one of the protein 
databases (M5NR) and 1,030,000 (70.1% of features) have no significant similarities to the 
protein database. 329,301 features (75.0% of annotated features) were assigned to functional 
categories. 
 
Calica, 13.5 m, rainy season (MG-RAST ID 4536373.3): Uploaded:  
base pair count: 485,252,306 bp; 
number of sequences: 2,830,843; 
mean sequence length: 171 ± 18 bp; 
mean GC%: 42 ± 13 %; 
 
Post quality control: 
base pair count: 159,301,053 bp; 
number of sequences: 926,916; 
mean sequence length: 171 ± 20 bp; 
mean GC%: 47 ± 14 %; 
1,903,927 sequences failed quality control. Of those, dereplication identified 1,895,649 
sequences (67.0% of total) as artificial duplicate reads (ADRs). Of the 926,916 sequences 
(totaling 159,301,053 bps) that passed quality control, 885,258 (95.5%) produced a total of 
628,401 predicted protein coding regions. Of these 628,401 predicted protein features, 




databases (M5NR) and 382,518 (60.9% of features) have no significant similarities to the 
protein database. 195,076 features (79.3% of annotated features) were assigned to functional 
categories. 
 
Calica, 18 m, rainy season (MG-RAST ID 4536376.3): Uploaded:  
base pair count: 1,616,338,174 bp; 
number of sequences: 13,162,127; 
mean sequence length: 122 ± 34 bp; 
mean GC%: 39 ± 9 %; 
Post quality control: 
base pair count: 797,444,787 bp; 
number of sequences: 6,656,296; 
mean sequence length: 119 ± 34 bp; 
mean GC%: 41 ± 10 %; 
6,505,831 sequences failed quality control. Of those, dereplication identified 6,374,224 
sequences (48.4% of total) as artificial duplicate reads (ADRs). Of the 6,656,296 sequences 
(totaling 797,444,787 bps) that passed quality control, 6,013,214 (90.3%) produced a total of 
4,497,657 predicted protein coding regions. Of these 4,497,657 predicted protein features, 
893,423 (19.9% of features) have been assigned an annotation using at least one of the protein 
databases (M5NR) and 3,604,234 (80.1% of features) have no significant similarities to the 
protein database. 678,853 features (76.0% of annotated features) were assigned to functional 
categories. 
 
Hotel, 4 m, dry season (MG-RAST ID 4536383.3): Uploaded:  
base pair count: 2,563,764,084 bp; 
number of sequences: 22,778,839; 
mean sequence length: 112 ± 27 bp; 
mean GC%: 47 ± 12 %; 
Post quality control: 




number of sequences: 21,296,739; 
mean sequence length: 111 ± 28 bp; 
mean GC%: 47 ± 12 %; 
1,482,100 sequences failed quality control. Of those, dereplication identified 1,082,774 
sequences (4.8% of total) as artificial duplicate reads (ADRs). Of the 21,296,739 sequences 
(totaling 2,367,494,606 bps) that passed quality control, 19,454,387 (91.3%) produced a total 
of 18,312,495 predicted protein coding regions. Of these 18,312,495 predicted protein 
features, 3,475,101 (19.0% of features) have been assigned an annotation using at least one of 
the protein databases (M5NR) and 14,837,394 (81.0% of features) have no significant 
similarities to the protein database. 2,826,699 features (81.3% of annotated features) were 
assigned to functional categories. 
 
Hotel, 10 m, dry season (MG-RAST ID 4536380.3): Uploaded:  
base pair count: 1,604,669,765 bp; 
number of sequences: 9,365,576; 
mean sequence length: 171 ± 16 bp; 
mean GC%: 55 ± 11 %; 
 
Post quality control: 
base pair count: 1,435,231,575 bp; 
number of sequences: 8,550,576; 
mean sequence length: 167 ± 23 bp; 
mean GC%: 55 ± 11 %; 
815,000 sequences failed quality control. Of those, dereplication identified 745,700 sequences 
(8.0% of total) as artificial duplicate reads (ADRs). Of the 8,550,576 sequences (totaling 
1,435,231,575 bps) that passed quality control, 8,163,962 (95.5%) produced a total of 
7,160,361 predicted protein coding regions. Of these 7,160,361 predicted protein features, 
2,643,928 (36.9% of features) have been assigned an annotation using at least one of the 
protein databases (M5NR) and 4,516,433 (63.1% of features) have no significant similarities 






Hotel, 4 m, rainy season (MG-RAST ID 4536382.3): Uploaded:  
base pair count: 4,108,173,120 bp; 
number of sequences: 36,703,669; 
mean sequence length: 111 ± 26 bp; 
mean GC%: 58 ± 12 %; 
Post quality control: 
base pair count: 3,338,118,945 bp; 
number of sequences: 30,371,208; 
mean sequence length: 109 ± 28 bp; 
mean GC%: 58 ± 12 %; 
6,332,461 sequences failed quality control. Of those, dereplication identified 5,376,411 
sequences (14.6% of total) as artificial duplicate reads (ADRs). Of the 30,371,208 sequences 
(totaling 3,338,118,945 bps) that passed quality control, 28,000,718 (92.2%) produced a total 
of 26,537,086 predicted protein coding regions. Of these 26,537,086 predicted protein 
features, 7,888,634 (29.7% of features) have been assigned an annotation using at least one of 
the protein databases (M5NR) and 18,648,452 (70.3% of features) have no significant 
similarities to the protein database. 6,324,943 features (80.2% of annotated features) were 
assigned to functional categories. 
 
Hotel, 10.4 m, rainy season (MG-RAST ID 4536381.3): Uploaded:  
base pair count: 2,539,362,074 bp; 
number of sequences: 19,584,506; 
mean sequence length: 129 ± 35 bp; 
mean GC%: 50 ± 13 %; 
Post quality control: 
base pair count: 2,345,708,659 bp; 
number of sequences: 18,293,090; 
mean sequence length: 128 ± 36 bp; 




1,291,416 sequences failed quality control. Of those, dereplication identified 937,274 
sequences (4.8% of total) as artificial duplicate reads (ADRs). Of the 18,293,090 sequences 
(totaling 2,345,708,659 bps) that passed quality control, 16,998,049 (92.9%) produced a total 
of 15,077,341 predicted protein coding regions. Of these 15,077,341 predicted protein 
features, 4,234,621 (28.1% of features) have been assigned an annotation using at least one of 
the protein databases (M5NR) and 10,842,720 (71.9% of features) have no significant 
similarities to the protein database. 3,252,629 features (76.8% of annotated features) were 
assigned to functional categories. 
 
Xcolac, sediment, (MG-RAST ID 4536390.3): Uploaded:  
base pair count: 1,148,912,423 bp; 
number of sequences: 9,949,224; 
mean sequence length: 115 ± 30 bp; 
mean GC%: 52 ± 12 %; 
 
Post quality control: 
base pair count: 1,027,437,632 bp; 
number of sequences: 9,022,388; 
mean sequence length: 113 ± 31 bp; 
mean GC%: 52 ± 12 %; 
926,836 sequences failed quality control. Of those, dereplication identified 687,927 sequences 
(6.9% of total) as artificial duplicate reads (ADRs). Of the 9,022,388 sequences (totaling 
1,027,437,632 bps) that passed quality control, 8,300,673 (92.0%) produced a total of 
6,964,983 predicted protein coding regions. Of these 6,964,983 predicted protein features, 
1,113,925 (16.0% of features) have been assigned an annotation using at least one of the 
protein databases (M5NR) and 5,851,058 (84.0% of features) have no significant similarities 
to the protein database. 841,066 features (75.5% of annotated features) were assigned to 
functional categories. 
 
Calica, sediment, (MG-RAST ID 4536379.3): Uploaded:  
base pair count: 775,794,571 bp; 




mean sequence length: 135 ± 37 bp; 
mean GC%: 50 ± 11 %; 
 
Post quality control: 
base pair count: 700,406,223 bp; 
number of sequences: 5,215,485; 
mean sequence length: 134 ± 38 bp; 
mean GC%: 50 ± 11 %; 
 
501,176 sequences failed quality control. Of those, dereplication identified 403,899 sequences 
(7.1% of total) as artificial duplicate reads (ADRs). Of the 5,215,485 sequences (totaling 
700,406,223 bps) that passed quality control, 4,847,871 (93.0%) produced a total of 4,776,854 
predicted protein coding regions. Of these 4,776,854 predicted protein features, 962,182 
(20.1% of features) have been assigned an annotation using at least one of the protein 
databases (M5NR) and 3,814,672 (79.9% of features) have no significant similarities to the 











































Sequencing data summary from QIIME (16s V4 variable region sequencing). 
 
Total number of samples: 21 
Total number of OTUs: 86076 
Total number of sequences: 1729428 
Sequence length: 99 bp 
Minimum number of sequences per sample: 13176 
Maximum number of sequences per sample: 129353 
Mean number of sequences per sample: 82353.7 
Std. dev.: 26950.3 
 
Number of sequences per sample: 
Xcolac, 10 m, dry season (X10mar09): 117915 
Xcolac, 60 m, dry season (X60dec09): 107715 
Xcolac, 83 m, dry season (X83dec08): 84619 
Xcolac, 10 m, rainy season (X10jul09): 65531 
Xcolac, 52 m, rainy season (X52jul09): 77360 
Xcolac, 70 m, rainy season (X70jul09): 82032 
Calica, 4 m, dry season (C4mar09): 97864 
Calica, 15 m, dry season (C15dec08): 64915  
Calica, 17 m, dry season (C17dec08): 94843 
Calica, 4 m, rainy season (C4jul09): 77226 
Calica, 13.5 m, rainy season (C13.5jul09): 59187 
Calica, 18 m, rainy season (C18jul09): 66664 
Ucil, 10 m, rainy season (U10jul09): 84826 
Ucil, 70 m, rainy season (U70jul09): 13176 
Ucil, 80 m, rainy season (U80jul09): 32427 
Hotel, 4 m, dry season (H4mar09): 69448 
Hotel, 10 m, dry season (H10mar09): 87056 
Hotel, 4 m, rainy season (H4jul09): 94513 
Hotel, 10.4 m, rainy season (H10.4jul09): 129353 
Xcolac, sediment (XSdec08): 113276  






































Fragment richness and effective diversity values from mineral biofilm DNA RAPD analysis 
for Cenote Xcolac. Missing data means that the DNA failed to amplify (siderite in the 
interface, and magnetite and siderite in the saline level), or that the mineral traps were lost 
during incubation period (chalcocite in freshwater). 
 






Apatite 41.1409 25.0155 
Calcite 9.089 20.17 
Chalcocite 31.4668 20.9426 
Chalcopyrite     
Dolomite 21.8924 2.876 
Hematite 28.3291 31.3839 
Magnetite 34.676 29.3692 
Pyrite 36.1461 29.7529 
Pyrrhotite 45.1814 35.305 
Siderite 32.0615 39.0769 




























Apatite 76 73 
Calcite 75 74 
Chalcocite 84 69 
Chalcopyrite     
Dolomite 65 77 
Hematite 88 80 
Magnetite 75 73 
Pyrite 63 76 
Pyrrhotite 75 88 
Siderite 77 72 










Apatite 25.8708 37.0347 
Calcite 29.7406 35.6134 
Chalcocite 31.975 27.2649 
Chalcopyrite 30.0986 37.2076 
Dolomite 27.8089 7.3035 
Hematite 29.871 32.7381 
Magnetite 26.8549 34.0732 
Pyrite 28.8327 38.2468 
Pyrrhotite 36.934 34.8194 
Siderite     

















Apatite 68 64 
Calcite 59 56 
Chalcocite 66 53 
Chalcopyrite 64 65 
Dolomite 64 64 
Hematite 64 64 
Magnetite 53 57 
Pyrite 65 61 
Pyrrhotite 67 58 
Siderite     










Apatite 20.0448 19.0123 
Calcite 30.2299 30.1907 
Chalcocite 20.0448 19.0123 
Chalcopyrite 30.2299 30.1907 
Dolomite 20.0448 19.0123 
Hematite 30.2299 30.1907 
Magnetite 20.0448 19.0123 
Pyrite 30.2299 30.1907 
Pyrrhotite 20.0448 19.0123 
Siderite 30.2299 30.1907 

















Apatite 52 46 
Calcite 70 63 
Chalcocite 52 46 
Chalcopyrite 70 63 
Dolomite 52 46 
Hematite 70 63 
Magnetite 52 46 
Pyrite 70 63 
Pyrrhotite 52 46 
Siderite 70 63 












Apatite 17.4444 18.9819 
Calcite 22.4504 13.0762 
Chalcocite 37.9338 24.1365 
Chalcopyrite 25.7664 16.251 
Dolomite 22.664 13.2117 
Hematite 16.3242 15.2788 
Magnetite     
Pyrite 23.3986 22.795 
Pyrrhotite 27.7282 18.6822 
Siderite     















Apatite 65 37 
Calcite 57 33 
Chalcocite 71 45 
Chalcopyrite 71 39 
Dolomite 65 39 
Hematite 61 42 
Magnetite     
Pyrite 70 39 
Pyrrhotite 63 36 
Siderite     












Apatite 24.0868 16.7671 
Calcite 19.098 18.7984 
Chalcocite 12.0018 31.9947 
Chalcopyrite 19.4419 25.2861 
Dolomite 12.5323 27.9147 
Hematite 17.2326 38.3086 
Magnetite   
 Pyrite 16.2602 27.9683 
Pyrrhotite 11.7222 26.0326 
Siderite   















Apatite 42 62 
Calcite 48 51 
Chalcocite 41 52 
Chalcopyrite 45 55 
Dolomite 43 61 
Hematite 42 62 
Magnetite     
Pyrite 46 55 
Pyrrhotite 37 55 
Siderite     












Apatite 25.3853 14.355 
Calcite 23.4544 13.1483 
Chalcocite 29.5695 23.2608 
Chalcopyrite 31.9917 15.7929 
Dolomite 21.0387 20.9565 
Hematite 17.0568 14.4131 
Magnetite 20.0707 33.3434 
Pyrite 28.1316 21.9457 
Pyrrhotite 22.1681 25.8805 
Siderite 27.3876 18.732 















Apatite 67 49 
Calcite 68 48 
Chalcocite 67 60 
Chalcopyrite 82 46 
Dolomite 70 59 
Hematite 63 49 
Magnetite 77 63 
Pyrite 77 51 
Pyrrhotite 75 59 
Siderite 67 50 













Apatite 23.792 17.3868 
Calcite 27.0131 20.9959 
Chalcocite 43.4325 27.3538 
Chalcopyrite 35.9096 24.9182 
Dolomite 21.4422 19.9083 
Hematite 19.9946 24.4217 
Magnetite 16.6673 24.6944 
Pyrite 37.0652 23.6862 
Pyrrhotite 34.29 34.0717 
Siderite     














Apatite 70 63 
Calcite 66 68 
Chalcocite 70 66 
Chalcopyrite 77 64 
Dolomite 69 74 
Hematite 66 68 
Magnetite 74 61 
Pyrite 73 63 
Pyrrhotite 73 71 
Siderite     
Sphalerite 72 69 
 
 
 
 
